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Novel Liquid Crystal Self-Assembly, Driven Assembly, And Self-Shaping In
Confined Environments
Abstract
This dissertation describes experiments which explore assembly and self-shaping behavior of liquid
crystals (LCs) in confined environments, and characterize colloidal crystals made via LC-mediated defect
interactions. Specifically, we report on: (1) LC textures that arise in the spherical-cap like confinement of a
Janus drop; (2) assembly and dynamics of two-dimensional colloidal crystals residing atop of a LC
surface, and (3) shape transitions of micro-emulsion drops containing LC oligomers.
The first experiments investigated nematic and smectic LCs confined in the spherical-cap like cavities of
Janus droplets. We employed solvent-induced phase separation to make the Janus droplets, and we
systematically characterized droplet morphologies, which were shown to be sensitive to the compartment
volume ratio and the type/concentration of surfactants in the aqueous background phase. A variety of
stable and metastable LC textures were found, including focal conic domains, dislocation rings, and layer
undulations. Polarized optical microscopy was employed to analyze director configurations and follow
their evolution. The lowest free energy state appears to be a lamellar layered structure with dislocation
rings relaxed by smectic layer undulations. Novel drop functionalities such as directional self-propelled
motion were also reported.
The second set of experiments investigated two-dimensional crystalline packings of colloidal particles
residing at the interface between air and a nematic LC; the interparticle interactions were mediated by
defects that extended from the particles on the surface into the bulk LC. The assembly and dynamics of
the colloidal lattices were then studied by video microscopy. Specifically, particle motions including shorttime diffusion and crystal phonon modes were measured and demonstrated to depend on the underlying
LC viscosity and elastic constants. Displacement correlations enabled characterization of transverse and
longitudinal sound velocities of the crystal packings, as well as quantification of the particle interactions
produced by the LC defects.
The third set of experiments discovered and probed reversible shape transitions of micro-emulsion drops
containing nematic liquid crystal oligomers (NLCOs). We reported spontaneous shape transitions of the
drop morphology from spheres to roughened spheres, flowers, and filamentous structures. The control
parameters dictating final morphologies included temperature, mean oligomer chain length, and
surfactant concentration in the aqueous background. Surprisingly, our experiments and modeling
suggested that molecular heterogeneity is a key feature leading to chain-length-dependent oligomer
segregation within the micro-droplet that drives the observed transitions. Thus polydispersity, in this case,
does not destroy order, rather it drives the transitions. In different sets of experiment with the same
system, we permanently locked the resultant NLCO structures into liquid crystal elastomers (LCEs) by UV
curing. With this process, and especially using the filamentous structures, we made non-woven, freestanding mats and well-aligned yarns. Currently, work is directed toward exploration of photonic and
rheological properties of the self-assembled filamentous nematic networks.
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ABSTRACT
NOVEL LIQUID CRYSTAL SELF-ASSEMBLY, DRIVEN ASSEMBLY,
AND SELF-SHAPING IN CONFINED ENVIRONMENTS

Wei-Shao Wei
Arjun G. Yodh
This dissertation describes experiments which explore assembly and self-shaping
behavior of liquid crystals (LCs) in confined environments, and characterize colloidal
crystals made via LC-mediated defect interactions. Specifically, we report on: (1) LC
textures that arise in the spherical-cap like confinement of a Janus drop; (2) assembly
and dynamics of two-dimensional colloidal crystals residing atop of a LC surface, and
(3) shape transitions of micro-emulsion drops containing LC oligomers.
The first experiments investigated nematic and smectic LCs confined in the
spherical-cap like cavities of Janus droplets. We employed solvent-induced phase
separation to make the Janus droplets, and we systematically characterized droplet
morphologies, which were shown to be sensitive to the compartment volume ratio
and the type/concentration of surfactants in the aqueous background phase. A variety of stable and metastable LC textures were found, including focal conic domains,
dislocation rings, and layer undulations. Polarized optical microscopy was employed
to analyze director configurations and follow their evolution. The lowest free energy state appears to be a lamellar layered structure with dislocation rings relaxed by
smectic layer undulations. Novel drop functionalities such as directional self-propelled
motion were also reported.
The second set of experiments investigated two-dimensional crystalline packings
of colloidal particles residing at the interface between air and a nematic LC; the
interparticle interactions were mediated by defects that extended from the particles on
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the surface into the bulk LC. The assembly and dynamics of the colloidal lattices were
then studied by video microscopy. Specifically, particle motions including short-time
diffusion and crystal phonon modes were measured and demonstrated to depend on
the underlying LC viscosity and elastic constants. Displacement correlations enabled
characterization of transverse and longitudinal sound velocities of the crystal packings,
as well as quantification of the particle interactions produced by the LC defects.
The third set of experiments discovered and probed reversible shape transitions
of micro-emulsion drops containing nematic liquid crystal oligomers (NLCOs). We
reported spontaneous shape transitions of the drop morphology from spheres to roughened spheres, flowers, and filamentous structures. The control parameters dictating
final morphologies included temperature, mean oligomer chain length, and surfactant
concentration in the aqueous background. Surprisingly, our experiments and modeling suggested that molecular heterogeneity is a key feature leading to chain-lengthdependent oligomer segregation within the micro-droplet that drives the observed
transitions. Thus polydispersity, in this case, does not destroy order, rather it drives
the transitions. In different sets of experiment with the same system, we permanently locked the resultant NLCO structures into liquid crystal elastomers (LCEs)
by UV curing. With this process, and especially using the filamentous structures, we
made non-woven, free-standing mats and well-aligned yarns. Currently, work is directed toward exploration of photonic and rheological properties of the self-assembled
filamentous nematic networks.
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PREFACE
Per sviluppare una mente completa studia la scienza dell’arte, studia l’arte della
scienza. Sviluppa i tuoi sensi, impara soprattutto a vedere. Comprendi che tutto é
connesso.

- Leonardo da Vinci
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of National Science Foundation Multimedia Gallery. Credit: Wei-Shao Wei, Felice
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Girl with a flower (right). Winning entries of the 2019 National Nanotechnology
Coordinated Infrastructure (NNCI) Image Contest: Most Whimsical. Credit: WeiShao Wei, Yi-Yun Ho, and Arjun G. Yodh.
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Chapter 1
Introduction
Soft materials are of fundamental interest from a physics point-of-view and are
important ingredients in a variety of every-day products such as paints and gels, and
also for more high-tech applications that arise in 3D-printing, actuation, and display technologies. Broadly, these materials are “soft” when pushed and are known
to readily assemble and reconfigure in response to confinement geometry, boundary
conditions, and environmental stimuli. Currently the creation of functional soft materials, through careful control of constituent interactions and microstructure, is a hot
topic in condensed matter physics. To translate the resulting sophisticated concepts
from the research lab into practice, however, a detailed understanding of material
spatiotemporal characteristics and material responses at the micro- and nano-scales
is needed.
Among the many types of soft materials, liquid crystals (LCs) are well known for
their ordered molecular configurations, anisotropic macroscopic properties, and reconfigurability due to temperature-dependent phase transitions and interactions with
applied fields (electromagnetic, mechanical, etc.). Consequently, fundamental understanding of LCs is still sought. New understanding of LCs is needed for the display
technology industry and other more specialized applications, and new fundamental
insights continue to stimulate scientific curiosity in the physics community. To this
end, my dissertation aims to expand our basic understanding of LCs through novel
experiment and analysis. Besides curiosity-driven exploration, some of the unique
features of the LCs we uncover might be applied to create new and potentially useful
programmable materials.
1

The majority of the experiments to be described in this thesis focus on how the
character of a LC is influenced by surface anchoring, confinement geometry, and interfacial tension. Balance between surface anchoring and LC elasticity drives assembly
of new director configurations in confined geometries with particular boundary conditions on the container surfaces. Competition between interfacial tension and LC
elasticity facilitates spontaneous shape transitions of micro-droplets to some truly
surprising non-trivial morphologies. Finally, some experiments described in this thesis utilize novel interactions induced by LCs on colloidal particles to drive colloidal
particle assembly and dynamics.
For example, we characterize LC textures in the novel spherical-cap confinement
geometries of Janus droplets, which are difficult to achieve via other approaches.
With this unique and well-controlled system, we were able to investigate various
topological defects in both the nematic phase (e.g., boojums) [1] and the smecticA phase (e.g., focal conic domains, dislocations, and smectic layer undulations) [4].
The comparative free energies of the resulting LC textures are explored. The findings
suggest new routes for fabricating complex LC structures in drops.
In a second example with similar flavor, we explored shape transitions of microemulsion drops containing liquid crystal oligomers (short-chain LC “polymers”). These
equilibrium transitions exhibited a rich set of non-spherical drop morphologies that
arise from the competition between LC elasticity and interfacial tension. Specifically,
upon cooling, the drops evolve reversibly from spheres to roughened spheres, flowers,
and branched filaments with controllable diameter. Notably, our observations and
modelling revealed that the molecular heterogeneity of the oligomer (its length polydispersity) and length-dependent spatial segregation play a crucial role in the shape
transition process, which makes connections to surface patterning in biological matter.
The self-assembled nematic structures were then permanently locked into place; that
2

is, we made liquid crystal elastomers by UV curing drops with desired morphology
[3]. I will also briefly describe a few other projects using this system as a platform,
which are not as yet ready for publication. This latter research includes steps towards
study of nematic liquid crystal oligomer drops with chiral dopants, study of photonic
properties of the nematic filamentous networks, and study of fibrous nematic LCs
with nanoparticles.
In a third example, we show how two-dimensional (2D) colloidal crystal packings can form at the nematic-air interface through LC-mediated repulsion forces. We
characterize these novel 2D particle crystals both structurally and dynamically. Dynamical characterization of colloidal lattices, including short-time particle diffusion
and collective vibrational phonon modes, provides an novel way to probe both the
phase behavior of these quasi-2D materials and the properties of the underlying LCs
[2].
In addition to the work explicitly discussed in this dissertation, I have been involved in broader research efforts of the group, and as a result, I was fortunate to collaborate and contribute to other projects led by my talented colleagues. Examples of
this work include LC droplet coalescence, soft-lithography techniques, synthesis of colloidal particles of diverse shapes (e.g., thermo-responsive poly(N-isopropylacrylamide)
(PNIPAM) microgel particles, silica rods, faceted hematite micro-cubes, and hollow
silica micro-cubes), and more.
The remainder of this introductory chapter will present a brief overview of the
primary topics and materials to be discussed in my thesis. The chapter concludes
with an outline of the organization of this dissertation.

3

1.1 Small-molecule Thermotropic Liquid Crystals
Liquid crystals (LCs) are technologically important soft phases of matter, wherein
molecules exhibit long-range orientational order and sometimes positional order. The
molecules in the LC phase diffuse like molecules in normal liquids, but they maintain
some degree of orientational order. This degree of internal order is affected by thermal
energy and fluctuates about its “average” value, which is called the order parameter.
The LC phases are generally quite different from typical crystalline solids; for example,
they respond like a fluid to shear forces.
Usually, the constituent molecules of LCs are rod-like or disk-like; these molecules
form particular stable liquid crystalline phases in particular temperature ranges. Generally, LCs can be made from either a pure compound or a mixture of compounds.
Molecule-based (usually small-molecule-based) LC materials, whose phases change
predominantly with temperature variation, are called thermotropic liquid crystals. By
comparison, lyotropic liquid crystals are made by dissolving or suspending anisotropic
constituents (like colloidal particles, virus particles, or macro-molecules) in a solvent
(e.g., water); in lyotropic LCs constituent concentration, and to a lesser extent temperature, both play roles in determining the stable liquid crystalline phases. In this
thesis, I study thermotropic LCs. Nevertheless, since thermotropic LCs and lyotropic
LCs share some common properties, the reported phenomena in this thesis could be
applicable to lyotropic LC systems as well.
Depending on the detailed molecular ordering, there are many different phases
that can be sustained by LCs. Of particular interest herein are the nematic and
smectic-A phases. In the nematic phase, which is the simplest LC phase, the molecules
(with anisotropic shape) maintain a preferred (oriented) direction as they diffuse
through the sample (see Fig. 1b). The preferred direction is characterized by the
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Figure 1: Molecular arrangement in the smectic-A, nematic, and isotropic
phase. Schematics depicting a, smectic-A phase, b, nematic phase, and c, isotropic
phase. The blue ellipses represent molecules. In (b), the average director field, n̂, is
also illustrated for the nematic.

“director n̂” field (illustrated in Fig. 1b). The molecules in the nematic phase have
long-range orientational order, but they are translational disordered, i.e., there is
no positional order in the nematic phase. The smectic-A (SmA) LC phase, on the
other hand, is slightly more ordered than the nematic; it exhibits orientational and
translational order. The constituent molecules of SmA LCs tend to arrange into layers
with the average long molecular axis parallel to the layer normal (see Fig. 1a). Note,
however, there is no positional order within individual layers; rather, translational
order is associated with the stacking of layers.
In large, open, and “ideal” bulk samples, LC molecules align uniformly (on average) to minimize the system free energy. That is, the molecules in the nematic phase
typically orient along a single direction (on average). Similarly, in the smectic phases,
the molecules orient in one direction (on average) and assemble into sheets/layers,
which typically stack in parallel planes to make a one-dimensional soft solid. In practice, a LC sample can also contain regions (defects) wherein the director is undefined.
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In this case, for example, the director field can discontinuously change in passing
through these singularities. These singular defects can be points, lines, or sheets.
Presently, experiments that confine LCs in containers with controllable geometry
and boundary conditions are generating substantial interest. These phenomena are a
major focus of this thesis. Therefore, I will briefly introduce typical LC orientation
and topological defects in the simplest confinement, a spherical cavity.
If a nematic LC is confined inside a spherical container (e.g., a micro-emulsion
droplet) with its director perpendicular to the interface, then a radial configuration
can emerge with a point defect called a radial hedgehog (of topological charge Q =
+1) at the drop center (Fig. 2a). On the other hand, if the director aligns parallel
to the boundary, then the so-called bipolar configuration can arise. The bipolar
configuration with two point defects at opposite points on the spherical surface are
observed in this case (Fig. 2b). The surface topological defects are also known as
boojums (with topological charge of s = +1). Note, Q defines the topological charge
of a point defect in 3D; s defines the topological charge of a point defect in 2D or a
defect line in 3D. A charge of +1 indicates that n̂ rotates counter-clockwise by 2π in
transversing a counter-clockwise path around the defect core.
Shifting gears, SmA LCs confined in spheres with perpendicular anchoring often
exhibit an onion layer texture of concentric spherical shells, again with a point defect
at the drop center (Fig. 2c). The SmA LCs in planar-anchored sphere, however, can
exhibit more complicated and fascinating textures, such as the focal conic domains
(FCDs) (Fig. 2d; consult Section 2.5.1 for further discussion about FCDs). Note,
there are other director configurations which could be more stable than the textures
shown. The equilibrium textures or configurations are determined by the total free
energy of the system, which depends on bulk elastic energy, surface elastic energy,
and interfacial energy.
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Figure 2: Possible nematic and smectic-A configurations in spherical confinement. Schematics of possible director orientations and associated defect textures
for confined LCs. a, Nematic LC in perpendicular-anchored sphere gives radial configuration with a topological point defect called a radial hedgehog (red dot). b, Nematic
LC in planar-anchored sphere gives bipolar configuration with two boojum topological
defects (red dots). In (a-b), blue ellipses represent LC molecules; dashed lines represent directors. c, SmA LC in perpendicular-anchored sphere gives onion-like texture
with a point defect at center (red dot). d, SmA LC in planar-anchored sphere gives
so-called focal conic domains (FCDs). In this case, each FCD (light blue region)
contains a straight line defect in the radial direction (red line) and a circular line
defect sitting on the sphere surface (represented by two small red dots). The FCDs
cover the whole spherical surface to fulfill the homogeneous planar anchoring on the
boundary. In (c-d), the dashed lines represent SmA layers, which align perpendicular
to local directors.
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In Chapter 2, we will discuss the nematic and SmA LCs confined in spherical-cap
like cavities and will characterize the associated LC configurations and textures. In
Chapter 3, we will discuss the particle interactions mediated by nematic LC defects.

1.2 Liquid Crystal Oligomers and Liquid Crystal
Elastomers
While small-molecule thermotropic LCs described in Section 1.1 have played a
central role in the field of LC physics, other types of molecules can form LC phases.
An important example along these lines is the liquid crystal polymer (LCP). In this
thesis, we work with liquid crystal polymers which have comparatively low molecular weight (i.e., they only consist of a few repeating units); thus, we use the term
“oligomers” instead of the word polymers to denote these materials. That is, we
explore the behaviors of main-chain liquid crystal oligomers (LCOs), which are rodlike molecules separated by flexible links, as illustrated in Fig. 3. In this case, the
imparted classic anisotropic properties of the soft material are due to the alignment
of rod-like monomers in the oligomer chain, which in turn affect the alignment of the
oligomer as a whole.
Importantly, we shall see, chain length polydispersity is a typical feature of synthetic LCO (and LCP) samples. In Chapter 4, we explore micro-emulsion drops
containing nematic LCOs (NLCOs). We will show how the feature of molecular heterogeneity (in this case, chain-length polydispersity) offers new degrees of freedom to
the system which can profoundly affect drop morphology.
Liquid crystal elastomers (LCEs) are crosslinked liquid crystal polymers (in our
case, crosslinked liquid crystal oligomers) with a low overall crosslink density. The
8

Figure 3: Main-chain liquid crystal oligomers. Schematic depicting main-chain
liquid crystal oligomer in the nematic phase. The monomers (grey ellipses) are chained
together by chain extenders. The concept of chain length polydispersity is illustrated.

weak crosslinking in a LCE, together with its inherent anisotropic mechanical properties, make possible a plethora of spontaneous actuations in response to stimuli (e.g,
temperature), including very special responses under stress. These features are wellsuited for a wide range of functional materials design applications [5].
Using the system of NLCO drops established in Chapter 4, we will demonstrate
in Chapter 5 that the NLCO structures are readily crosslinked to lock-in nematic
order and morphology, setting the stage for interesting future LCEs. Further, various
dopants are added into the system as first step towards developing photonic and other
functionalities based on the NLCO drops.

1.3 Outline of Subsequent Chapters
This thesis is organized as follows. Chapter 2 presents experiments which explore
how LCs rearrange and organize themselves in cavities while satisfying boundary conditions on the cavity surfaces. Specifically, the LC director configurations and defect
textures for nematic LC (5CB) and SmA LC (8CB) confined in the spherical-cap like
cavities of Janus droplets are characterized. In the 8CB experiments, I also examine
the comparative free energy for observed texture patterns and identify the “equilib9

rium” state with the lowest energy. Chapter 3 introduces another aspect of LCs,
i.e., their ability to drive assembly of embedded colloidal particles into microstructures. Specifically, I report on colloidal hexagonal packings at the air-nematic (5CB)
interface, wherein interparticle interactions are produced by LC defects that extend
from the interface into the underlying bulk LCs. I dynamically characterize the 2D
colloidal lattice via video microscopy; the dynamics observed are then connected to
the fundamental properties of the underlying LC material such as its viscosity and
elastic constants. Chapter 4 explores the competition between LC elasticity and interfacial tension using micro-emulsion drops containing LC oligomers. Interestingly,
when the interfacial energy no longer dominates the system energy, these microemulsion drops exhibit shape transitions and evolve into non-trivial morphologies
such as branched filamentous network, flowers, and more. The shape transitions are
reversible and repeatable via temperature cycling. We discover from our analysis that
molecular heterogeneity together with chain-length-dependent spatial segregation of
LC oligomers play a key role in reducing interfacial tension, and thereby drive the
drop shape transitions. Chapter 5 further examines application possibilities of the
self-assembled filamentous nematic networks obtained in Chapter 4. In particular,
I show that the nematic structures are readily crosslinked and locked-in to become
elastomers. I begin to explore potential novel functionalities of the setup by doping
nematic fibers with chiral dopants, laser dyes, quantum dots, and gold nano-rods.
Though unpublished, these last experiments should nucleate future work. Finally,
Chapter 6 summarizes the research presented in this dissertation and briefly elaborates on directions for future study.
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Chapter 2
Textures in the Liquid Crystal
Compartments of Janus Droplets

1

2.1 Introduction
Liquid crystals (LCs) are technologically important soft phases of matter wherein
constituent rod- or disk-like molecules retain long-range orientational order and sometimes exhibit translational order too (see details in Section 1.1). Much of the current
interest in these questions centers on experiments that confine LCs in “containers”
with controllable geometry and boundary conditions. These situations offer a novel
playground to probe fundamental questions about LC assembly and response to frustration [6, 7, 8].
Both nematic and smectic LC phases are interesting to explore in this context.
Recall, the nematic LC phase possesses only orientational order characterized by its
director field, and the smectic LC phases form layered structures and are thus endowed
with potential to exhibit translational as well as orientational order. For example,
in the SmA phase, constituent molecules tend to arrange into layers with their long
molecular axis parallel to the layer normal. In large and open bulk samples, these
layers typically stack in parallel planes to make a one-dimensional soft solid. Another
stacking configuration, found in spheres with perpendicular anchoring, is called an
onion texture [9]. In still other confined geometries, with various boundary conditions,
SmA LCs self-assemble into more complicated and fascinating textures. One such
texture that relieves frustration in a mathematically elegant way, for example, is
1

This chapter is based on a published paper and a manuscript in preparation for publication.
In addition to this chapter, for details, interested readers might also want to consult the published
paper Ref. [1].
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called the focal conic domain (FCD) [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20]. In
this contribution we explore the complex textures in the nematic phase of the LC
4’-pentyl-4-biphenylcarbonitrile (5CB), and in the smectic-A (SmA) phase of the LC
4’-octyl-4-biphenylcarbonitrile (8CB), within the spherical-cap like cavities of Janus
droplets containing LC and silicone oil.
In this Chapter, we first briefly report on the synthesis methods and observations
associated with the nematic LC Janus droplets (of 5CB), which we reported for the
first time in Ref. [1]. In the Janus droplet with homeotropic boundary conditions,
a hedgehog point defect forms in the LC compartment. By contrast, with planar
anchoring conditions, the nematic reconfigures and exhibits a single surface point
defect called a boojum near the pole of compartment.
In the second (and main) part of this chapter, we explore SmA LC textures of
8CB in compartments of Janus droplets with homeotropic boundary conditions; these
compartments hold potential to support a variety of textures [4]. Synthesis of the
smectic LC Janus drops is similar to the synthesis of nematic LC Janus drops, but the
resulting LC textures that form are very different from the nematic phases. Our experiments reveal formation of three classes of director/layer configurations in the LC
compartment of the Janus drops. Upon formation of the initial Janus droplets, flower
textures (FCDs), ring textures (dislocation rings), and textures with both undulations and dislocation rings, can all arise. Notably, the FCD packing and resulting
textures have not been previously observed in emulsion droplets with homeotropic
anchoring conditions. Without further disturbance, these textures are stable. However, annealing of the drops enables us to drive the system towards its lower free
energy states. Our observations suggest that the lowest free energy state is a texture
with dislocation rings and smectic layer undulations. The FCD and dislocation ring
textures are metastable. We experimentally map out the drop conditions for which
12

particular textures are more (or less) likely to form, and we rationalize these findings.
The study provides insight about frustration relief and suggests novel routes for guiding smectic LCs into useful forms, which could have value for functional LC materials.

2.2 Method and Materials
2.2.1 Preparation of the Liquid Crystal Janus Droplets
The scheme we employ to fabricate droplets with immiscible LC and non-LC compartments is described in detail in Ref. [1, 4]. Note, the syntheses of both nematic
and smectic LC Janus drops are the same except for employing 5CB or 8CB as the LC
ingredient. Generally, the final morphology of the drop is sensitive to several factors
including compartment volume ratio, the properties of the immiscible fluids such as
their interfacial tension, surfactant type, and surfactant concentration in the background aqueous phase. Here we deploy either 5CB or 8CB as the LC compartment
(with its temperature-dependent phase behavior) and silicone oil (polydimethylsiloxane, PDMS) as the isotropic compartment, respectively.
The LC Janus droplets were made in three steps: (1) we first prepared (spherical)
emulsion droplets containing fully miscible homogeneous mixtures of 8CB (or 5CB),
PDMS, and hexane, and we suspended these precursor organic liquid drops in an
aqueous solution; (2) we next made Janus droplets from the emulsion-drop precursor
via solvent-induced phase separation within individual droplets; (3) we thermally
annealed the samples to enable the Janus droplets to evolve to their lowest free
energy state.
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Step 1
A 1:1 by weight mixture of 4’-octyl-4-biphenylcarbonitrile (8CB, Kingston Chemicals Ltd.) and polydimethylsiloxane (silicone oil PDMS, viscosity 10,000 cSt at 25 ◦ C,
Sigma-Aldrich) was dissolved in hexane (organic solvent, Fisher Scientific) to make
a homogeneous organic phase mixture. Note, for the nematic Janus drops, 8CB was
replaced by 4’-pentyl-4-biphenylcarbonitrile (5CB, Kingston Chemicals Ltd.), i.e., in
this case we dissolved a 1:1 by weight mixture of 5CB and PDMS in hexane. The total
concentration of 8CB (or 5CB) and PDMS within hexane is 5% (wt/vol). Because the
density of 8CB (or 5CB) and PDMS is similar, the mass ratio is well approximated
as the volume ratio. Surfactants, sodium dodecyl sulfate (SDS, Sigma-Aldrich) or
poly(vinyl alcohol) (PVA, Sigma-Aldrich), were dissolved in deionized water to make
the background continuous aqueous phase with a surfactant concentration of 0.1% by
weight (below the critical micelle concentration, CMC, for SDS). All chemicals were
used as received, without further purification/modification.
The fully miscible homogeneous organic liquid mixture was then converted into
a micro-emulsion droplet suspension in the background aqueous solution via two different methods. The first method entailed simply shaking the organic liquid mixture
in the aqueous solution to create a polydisperse distribution of droplets. The second
method used capillary microfluidics [21] to create monodisperse droplets. The volume
fraction of the 8CB(5CB)/PDMS/hexane organic liquid mixture in the SDS (PVA)
aqueous solution was approximately 10%. At this stage, the suspended droplets have
spherical shape and contain a homogeneous miscible mixture of 8CB (5CB), PDMS,
and hexane (see the left panel of Fig. 4a and Fig. 4b).
Step 2
The 8CB(5CB)/PDMS/hexane droplets suspended in SDS (PVA) aqueous solution were collected into uncovered glass wells. The sample wells were then stored
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Figure 4: Preparation of liquid crystal Janus droplets via solvent-induced
phase separation. a, Schematic shows how solvent-induced phase separation leads
to formation of Janus droplets with two immiscible compartments: LC (8CB or 5CB)
and silicone oil (PDMS). The initial droplet (left) after emulsification contains a
homogeneous organic liquid mixture of LC (8CB or 5CB), silicone oil (PDMS), and
hexane. The droplet is stabilized by a surfactant and suspended in the aqueous
solution. Evaporation of the organic solvent, hexane, though the background phase
gives the target Janus droplet (right). Inset: A closer look of the surfactant-stabilized
8CB-water interface. Dark blue ellipses represent 8CB molecules; the SmA layers
are illustrated. b-c, Bright-field microscopy images of (b) the initial homogeneous
droplets and (c) the final Janus droplets after phase separation. In (c), the darker
droplet compartment corresponds to 8CB. Scale bar: 50 µm.

15

overnight, i.e., ∼12 hours, in a custom-built chamber at 100% relative humidity. This
setup expedites evaporation of hexane from the droplets and minimizes evaporation
of water from the surfactant solution. Throughout the process of hexane evaporation,
we believe that the evaporation of water from the solutions containing SDS or PVA
surfactant was negligible.
The complete evaporation of hexane causes separation of the immiscible 8CB
(5CB) LC and PDMS within the drops. Then formation of the Janus droplets readily
occurs (see the right panel of Fig. 4a and Fig. 4c). The Janus droplets made by
shaking had diameters ranging from 10 to 70 µm; the monodisperse droplets made via
capillary microfluidics typically had a radius of 15.4 µm that depended on dimensions
of the microfluidics set-up and the fluid flow rates. We transferred the Janus droplet
suspensions to rectangular capillaries (0.4 mm height and 4 mm width, VitroCom),
sealed them with glue, and stored them at room temperature for 24 hours before
observation.
Note, at this stage, we have generated the “quenched” Janus droplets with smectic 8CB (or nematic 5CB) confined in the spherical-caps. (A further discussion about
the meaning of quench is given in Section 2.5.) Analysis of the resultant LC configurations/textures and droplet morphologies were then carried out.
Step 3
The samples obtained in Step 2 were first studied optically. Subsequently, they
were annealed (quickly heated to 45 ◦ C and then slowly cooled to room temperature). This annealing procedure enhances the probability of generating equilibrium
LC textures. We define these latter stage drops as “annealed” Janus droplets. The
resultant annealed LC textures and droplet morphologies were again studied and
analyzed using optical microscopy.
Lastly, some of the annealed Janus droplets were stored and allowed to relax at
16

room temperature for another few days, and then they were optically checked again.

2.2.2 Analysis of Liquid Crystal Configurations and Textures
Sample cells containing SmA LC Janus droplets (or nematic LC Janus droplets)
were observed with a Leica DMIR13 inverted optical microscope in bright-field and
polarization optical microscopy (POM) modes. Leica N Plan 10×, Leica PL Fluotar
L 63×, and Leica PL APO 100× objectives were used. Crossed-polarizers and fullwave retardation plates were deployed in the microscope to characterize LC director
configurations within the droplets (Fig. 5a).
Note, because of the slight density difference between the two compartments,
Janus droplets rotate and align with the denser material (8CB or 5CB) closer to the
surface of the earth. Thus, optical images taken by the inverted optical microscope
are mostly bottom-view images of droplets, wherein the LC filled spherical-cap cavity resides symmetrically in the part of the drop closest to the earth surface. Note,
LC birefringence and the curved interfaces of the droplet typically cause some image
distortion.

2.2.3 Analysis of Janus Droplet Morphologies
Side-view images of SmA LC Janus droplets, aligned by gravity, were also recorded
using a small and portable Bausch and Lomb monocular microscope operating in
bright-field mode; this microscope was equipped with a 43× air objective. We obtained these measurements by turning the monocular microscope (together with the
mounted sample cell) on its side and then taking side-view images of the Janus
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Figure 5: Morphology profiles of the liquid crystal Janus droplets. a,
Schematic of the experimental setup. Bottom-view and side-view images of individual
Janus droplet were taken by an inverted optical microscope (dark red, with crossed
polarizers and full-wave retardation plate) and a turned monocular microscope (dark
blue), respectively. b, Schematic of a side-viewed Janus droplet (A: PDMS, B: 8CB,
C: SDS aqueous solution). At the three-phase boundary, γAB , γBC , and γAC denotes
interfacial tension for the 8CB-PDMS, 8CB-water, and PDMS-water interfaces, respectively. c-d, Exemplary side-view images of SmA Janus droplets containing (c)
FCD flower textures and (d) dislocation ring textures. Representative circle fits used
to extract the interfacial tension ratios are also illustrated. Drop radius: 15.4 µm. e,
The droplet morphology state diagram with respect to interfacial tension ratios. The
volume ratio between LC and PDMS is fixed to be unity. Blue dashed lines represent
the boundaries in a Janus droplet, in a core-shell (top left and bottom right) droplet,
and in two detached droplets (bottom left). Black dashed square roughly denotes
our experimental regime. In (b-e), black, red, and blue interfaces correspond to
8CB–water, PDMS–water, and 8CB-PDMS interface, respectively. Note, schematics
(b) & (e) were initially generated by Joonwoo Jeong and are adapted from Ref. [1].
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droplets (Fig. 5a). We determined and analyzed the droplet morphologies by fitting the drop profiles as detailed below.
Morphologies of the compartments within Janus droplets are determined by the
relative values of the interfacial tension between the two immiscible compartment
liquids (i.e., 8CB/5CB and PDMS) and the third immiscible background liquid (i.e.,
the SDS-water solution). In equilibrium, the three-phase boundary adopts a unique
configuration, requiring a vector sum of zero for the three interfacial tensions (known
as Neumann’s triangle; see Fig. 5b). Experimentally, the three interfacial tensions
γ

8CB−P DM S ,

γ

8CB−water ,

and γ

P DM S−water

are characterized by the contact angles at

the junction point. We determined the contact angles by fitting each phase boundary
to an arc [22] (see examples in Fig. 5c and Fig. 5d). Specifically, the arc is the best fit
for a set of three points on each interface, including the two intersection points on the
three-phase boundary. We excluded data when the two intersection points are not
readily apparent, when there is recognizable disagreement between the best fit and
corresponding interface, or when the calculated volume ratio between compartments
substantially disagrees with experimental parameters. Note, the latter two situations
could arise from Janus droplets whose symmetry axes are not fully aligned with gravity, or from image distortions arising near the 8CB-PDMS boundary (e.g., due to LC
birefringence).

2.3 Properties of the Liquid Crystal Janus
Droplets
The resultant LC Janus droplets, which are tens of microns in diameter and
dispersed in water containing SDS or PVA surfactant, were analyzed primarily by
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optical microscopy. As detailed in Section 2.2.1, the Janus droplets were made
via a phase separation scheme (Fig. 4a). The SDS molecules absorbed at the 8CBwater (or 5CB-water) interface create a strong preference for homeotropic anchoring,
wherein the local LC director is perpendicular to the surface. Thus, for the smectic
LC (8CB), the local SmA layers prefer to align parallel to surfaces (Fig. 4a inset).
For the sample with PVA surfactant, planar anchoring is preferred at the interface,
wherein local director is parallel to the surface.
Recall, initially, each surfactant-stabilized emulsion droplet (left panel of Fig. 4a
and Fig. 4b) has spherical shape and contains LC, PDMS, and hexane. Importantly,
both LC and PDMS are well dissolved in hexane at this stage. The organic solvent
then evaporates from the individual droplets. After complete evaporation of hexane,
the immiscible 8CB (or 5CB) and PDMS phases separate, forming Janus droplets
with two compartments (right panel of Fig. 4a and Fig. 4c).
As discussed in Section 2.2.3, the morphologies of Janus droplets are determined
by the relative interfacial tension between γ

8CB−P DM S ,

γ

8CB−water ,

and γ

P DM S−water .

The three interfacial tensions are characterized by the contact angles at the junction
point (see Fig. 5b), and we determine the contact angles by fitting each boundary
separating the two phases to an arc [22] (Fig. 5c and Fig. 5d). Note, in this analysis,
we are assuming that the orientational order and elasticity of the LCs do not substantially affect the three-phase boundary, i.e., the interfacial energy is assumed to
determine the cavity geometry.
By choosing the interfacial tension ratios carefully, three possible droplet morphologies can be achieved: complete engulfing (the core-shell droplet), partial engulfing (the Janus droplet), and non-engulfing (two detached droplets) [1, 23]. The
theoretical droplet morphology state diagram is illustrated in Fig. 5e; it presents these
possibilities with respect to interfacial tension ratios, while the volume ratio between
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two compartment phases is fixed to be unity. Among the controllable parameters, the
ratio between interfacial tensions can be tuned by employing different compartment
ingredients, or by employing a different type and amount of surfactant molecules
adsorbed at the interface. Here, we focus on the rich set of LC configurations that
a single droplet morphology supports. Specifically, in Section 2.4, we are going
to discuss the case of 5CB-PDMS with a 1:1 volume ratio and in a 0.1 wt% PVA
and SDS aqueous solution. In Section 2.5 - Section 2.7, we will discuss the combination of 8CB-PDMS with a 1:1 volume ratio and in a 0.1 wt% SDS aqueous solution.

2.4 Nematic Liquid Crystal Textures within Janus
Droplets
In the absence of external fields, it is well known that the director configurations
of LCs in confinement are determined by the balance of the bulk LC elasticity and
surface anchoring on the cavity boundaries [24, 25]. In this section, we briefly report
on the Janus drops with nematic compartments, the simplest LC phase. This will
serve as a model system for easier understanding of our later discussions.
As exhibited in Fig. 6, the perpendicular anchoring at the 5CB-PDMS interface
and tangential anchoring at the 5CB-PVA water solution interface cause the nematic
LCs to reconfigure, giving rise to a single surface point defect, boojum, near the
(south) pole of the LC compartment. The nematic Janus droplet in a SDS aqueous
solution, by contrast, sustains a hedgehog point defect in the LC compartment because the 5CB-SDS water solution interface and the 5CB-PDMS interface both have
homeotropic anchoring.
The observed surface boojum and bulk hedgehog point defect are both well
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Figure 6: Nematic textures within Janus droplets. a, Schematic of a 5CBPDMS Janus droplet in a 0.1 wt% PVA water solution. The green rods represent
LC mesogens with directors parallel to the 5CB-water interface but perpendicular to
the 5CB-PDMS interface. b, Side-view (direction 1) polarization optical microscopy
(POM) image of the Janus drop. c, Bottom-view (direction 2) POM image of the
Janus drop. Scale bar: 20 µm. Note, these figures were initially created by Joonwoo
Jeong and are adapted from Ref. [1].
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studied and typically observed in spherical LC droplets with uniform planar and
homeotropic anchoring, respectively. Thus the unique spherical-cap geometry, generated in the Janus drop and employed here, does not play an important role in creating
new LC textures. Thus, for the rest of this chapter, we will mainly focus on the Janus
droplets with smectic LC compartments, which are much more interesting.
However, after discussion of the smectic systems, we will briefly summarize additional findings about the nematic LC Janus drops that were reported in Ref. [1]. This
discussion is in Section 2.8 and Section 2.9. Note, this phenomenology observed
in the nematics could be applied to the smectic systems too, which could lead to
interesting future work.

2.5 Smectic Liquid Crystal Textures within Janus
Droplets after Initial Quench
Our platform for fabricating the Janus LC droplets permitted the control of compartment morphology and boundary conditions needed to manipulate smectic LC
textures. For these drops, when the hexane evaporates during first formation of the
Janus drops, a turbulent-like/vigorous mixing was observed in the droplet as it transformed from a homogeneous mixture to the targeted phase-separated stage. Here we
adopt the term, “quench”, to denote this whole initial process. Note, the quench
includes a rapid transformation from a disordered state (i.e., no LC ordering) to an
ordered LC state in the final compartment configuration. Note also, this quench is
not thermal (temperature is not changed), but it has an effect that is similar to a
temperature quench. When the LC is dissolved in the hexane (together with PDMS)
the system is isotropic, but when the solvent (hexane) is completely removed, then
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the LC exists in the SmA phase.
We analyzed the SmA LC textures using bright-field optical microscopy and polarization optical microscopy (POM) (see Fig. 5a), and we found them to be of three
types after the quench. The LC configurations were either flower-like FCD textures
(Fig. 7a; Section 2.5.1), dislocation ring textures (Fig. 7b; Section 2.5.2), or the
combination of undulation and dislocation ring textures (Fig. 7c; Section 2.5.3).
Note, the images shown in the figure are bottom-views of the droplets. In the following subsections, we describe and characterize these texture patterns.

2.5.1 Focal Conic Domain Flower-like Textures
Amongst all SmA configurations, the FCD flower-like texture is perhaps the most
visually striking (Fig. 7a). Previously, FCDs have been observed within planaranchored substrates [10, 11], free-standing droplets on surfaces [12], pinned liquid
menisci [13, 14, 15, 16], planar anchored spherical micro-emulsion drops [17, 18, 19]
and planar anchored Janus droplets [20]. In some of these situations, FCDs hold
potential for application [14, 26, 27, 28, 29]. In our Janus drop compartments, which
have homeotropic anchoring, the packing that generates the texture is comprised of
adjacent FCD “petals” arranged symmetrically around the central axis of the droplet.
Within each individual FCD, SmA layers wrap around a pair of disclination (defect)
curves which are conjugate conic sections: an ellipse, characterized by its eccentricity, and a hyperbola branch that passes through one focus of the ellipse. These two
(3D-spanning) disclinations then project onto the focal plane, giving the texture its
iconic dot-within-ellipse pattern which we observe in the bottom-view image.
Previously, contiguous FCD textures have only been observed in spherical and
Janus emulsion droplets with parallel anchoring conditions [17, 18, 19, 20]. In fact,
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Figure 7: Smectic-A textures within Janus droplets: focal conic, dislocation
ring, and undulation textures. The bottom-view bright-field (first row) and POM
(second row) images of common textures for SmA LC confined in the spherical-caps
of Janus droplets, after the initial quench (phase separation). The observed textures
include a, FCD flower-like textures, b dislocation ring textures, and c, textures with
both undulations and dislocation rings. Scale bar: 20 µm. The vector ~g in the figures
denotes the direction of the gravitational acceleration. Note, the drop size is defined
by the radius, R, of the LC compartment as illustrated in the left panel sketch. Inset
schematics (side-view, illustrated in left panel sketch) show how SmA layers arrange
themselves in order to accommodate the mismatch of smectic layer numbers between
drop center and edge. In (a), the ellipse and hyperbola disclinations (green dashed
curves) of the FCD are illustrated. In (b), the core region of the edge dislocation
could correspond to the end of a broken layer (green dots at top and bottom), or to
where the defect core splits into two disclinations of opposite signs (pair of green dots
at center). In (c), only layer undulations are illustrated for simplicity (i.e., coexisting
dislocation rings are not included in the schematic). The suggested segments of
disclinations extending along the drop radius are also illustrated (green segments).
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it is somewhat unexpected to find FCDs in homeotropic-anchored Janus droplets
at all. In our system, homeotropic anchoring arises at both 8CB-water and 8CBPDMS interfaces and causes the SmA layers to reconfigure parallel to the local surface
curvature. Since the layer thickness is fixed, in the spherical-cap like geometries,
more layers are required near the drop center compared to the drop edge. A spatial
mismatch of layer number thus arises at various positions within the drop. The
energy cost of changing the SmA layer thickness is typically considerably greater
than that of layer bending [17]. Thus, one way for the SmA layers to ameliorate
layer number mismatch frustration is to generate FCDs between cavity center and
edge. A schematic of this texture is shown in the inset of Fig. 7a. Notably, these
FCDs, that appear in our SmA LC Janus droplets, are “geometry-driven” rather than
“anchoring-driven” as in prior micro-emulsion work [17, 18, 19, 20].
Within this cavity, we find that FCDs pack in an interesting and uncommon
manner, i.e., their ellipse disclination long-axes orient radially from a common point
on the symmetry axis of droplet, by forming rings of FCDs. As suggested by Meyer
et al. [12] and Beller et al. [15], such FCD flower textures (packing with non-zero
eccentricity) have hyperbolae that diverge away from the structural center with no
obvious intersection. Meantime, the virtual branches of the hyperbolae intersect at a
common apex located on the structural symmetry axis. This observation is in contrast
to the case wherein FCDs spontaneously assemble and tile space following the law of
corresponding cones (LCC) [17, 30, 31, 32, 33]; additionally, our observed textures
cannot be explained by the traditional tilt grain boundary model [33] due to the
deformed interface. In light of these factors, our observations are best explained as a
construction of alternating belts of FCDs, joined smoothly onto a family of concentric
spheres which share either common base or apex [15].
Finally, for completeness we studied Janus droplets suspended in water at high
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Figure 8: Focal conic textures within Janus droplets at high SDS concentration. a-b, The bottom-view bright-field and POM images of SmA Janus droplets in
0.5 wt% SDS water solution (above CMC). Notice that the FCDs within each droplet
extend to the drop surface, showing configurations different from the low SDS concentration (Fig. 7a). c-d, Under the same conditions, another sample of Janus droplets
exhibited similar FCD textures. Scale bar: 10 µm.

SDS concentration (above CMC). In this case, the FCDs extend to the surface and
exhibit bud-like internal textures (see Fig. 8). Further characterization is necessary
to identify the director configurations and is a subject of future work.

2.5.2 Dislocation Ring Textures
The mismatch of SmA layer numbers between Janus drop cavity center and edge
can accommodate textures that are simpler than the FCDs. For example, the frustration due to layer mismatch can also be relieved by introduction of edge dislocation
defects (Fig. 7b). In smectics, the core region of the edge dislocation could correspond
to the end of a broken layer, or to where the defect core splits into two disclinations
of opposite signs [34, 35].
Within the spherical-cap cavity of our Janus droplets, the smectic layer number
difference is readily accommodated by a series of dislocations; these dislocations extend in circular contours along the direction perpendicular to the drop radial vectors.
Exemplary SmA layer configurations showing these dislocations are depicted in inset
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of Fig. 7b. As long as the LC compartment/cavity retains symmetry with respect to
the central drop axis, each individual dislocation will form a closed-loop centered on
the central symmetry axis. This property gives rise to the ring textures observed in
the droplet bottom-view (see Fig. 7b).

2.5.3 Smectic Layer Undulation Textures
Both the FCD flower and dislocation ring textures require energetically costly
disclinations. The strain and elastic energy density grow large as one approaches
the singular defect cores. It is thus important to consider whether/how this elastic
distortion energy could be decreased. Would it be possible, for example, for “defectfree” LC textures to span all or parts of the compartment cavity while still satisfying
cavity geometrical and topological constraints? The answer is yes. One possible
energetically cheaper solution, which appears to arise experimentally, is a third type
of texture with radial undulations of the smectic layers.
Such undulating textures exhibit periodic radial striped patterns in the transmission image as observed from the droplet bottom-view (see Fig. 7c). The bright-dark
alternation between stripes suggests that the local optical axis is rotated from its original uniform orientation (associated with the dislocation rings), i.e., the axis points
in different directions in adjacent stripes. This characteristic appearance of the radial wrinkles is likely due to the SmA layer undulation (a buckling instability); layer
undulation is a common occurrence when layers with a preferred uniform spacing are
subject to dilative stress above a certain threshold [36, 37]. In such cases, the free
energy of the smectic LC is minimized by generation of undulating layers. In the
present case, this stress arises from the spherical-cap geometry, a scenario similar to
that previously proposed for systems with various shapes [38, 39, 40, 41].
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By contrast to the FCD textures and dislocation ring textures, which are accommodated by topological defects, here if the layer number in a given slice (cross-section)
of the spherical-cap is constant, then the geometrical constraint is equivalent to a dilation; dilation can cause the LC director to bend. This dilative stress will be more
severe closer to the drop center. Since director bending is prohibited in the SmA
phase, once above a critical stress, the SmA layers will undulate to fill space and
relax stress. As schematically indicated in inset of Fig. 7c, the smectic layers buckle
progressively and increasingly along radial direction toward droplet center (i.e., along
the direction of maximum cavity thickness change). Our measurements also suggest
that segments of disclinations extending along droplet radius could potentially arise
to fill the troughs between adjacent buckles. As a result, the corresponding “effective”
thickness at drop center could be greater than simply the sum of individual smectic
layers to best accommodate the spherical-cap geometry.
Note, the pure undulation scenario described above is best suited to cavities with
small thickness gradients. In practice, the SmA layer undulation texture can combine with dislocation ring texture to fulfill the geometrical requirements of our Janus
droplets. Our observations suggest that this type of combination texture does indeed
arise in practice and is actually the lowest free energy texture for our system (see
Section 2.6 and Section 2.7).

2.6 Metastable Smectic-A Textures
In Section 2.5, we described, classified, and explained three types of SmA LC
textures that typically form after the first quench to create the Janus LC drops. Here
we report on measurements of the occurrence and character of the SmA textures as a
function of droplet size, defined by the radius, R, of the 8CB compartment (illustrated
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Figure 9: Occurrence of different SmA textures with respect to drop size
& their evolution after the quench, after annealing, and after annealing/relaxation. a, Occurrence of FCD flower textures (bottom row), textures of
undulations and dislocation rings (middle row), and dislocation ring textures (top
row) as a function of Janus droplet size. These samples were made by the simple
shaking method, and the observations were made after the first quench. b, The
population (percent occurrence) of each texture type measured after the first quench
(blue bar), after annealing (red bar), and after annealing and further relaxation (black
bar). Left, middle, and right columns represent FCD flower textures, dislocation ring
textures, and textures of undulations and dislocation rings, respectively. These data
were gathered from a pool of > 1,000 droplets with monodisperse radius R = 15.4
µm, fabricated by microfluidics.

in the left panel sketch of Fig. 7). As indicated in Fig. 9a, the very largest drops only
sustain FCD textures; similarly, the very smallest drops only sustain dislocation ring
textures. For an intermediate range of drop sizes (R ≈ 10 ∼ 20 µm), all three textures
are found.
The occurrence frequency behavior of the different textures raises questions about
SmA texture stability and free energy. Here we are most interested in ranking the free
energy of these different textures. To elucidate this issue, we employed a microfluidics setup to fabricate Janus droplets with monodisperse size R = 15.4 µm, thereby
enabling systematic analysis of the population of each texture type. The blue bars of
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the bar chart in Fig. 9b exhibit the percentage of occurrence of FCD flower textures,
dislocation ring textures, and undulation textures (which typically coexist with dislocation ring textures) from a pool of > 1,000 droplets. The observations show that
after quenching, for the intermediate-size drops, more than 50% have a radial undulation texture; among the rest, the dislocation ring texture is a little more likely than
the FCD texture. Moreover, all configurations are stable over time in the absence of
perturbations. These clues suggest that several metastable SmA textures can form,
and that those with undulations have the lowest free energy.
We also explored the possibility that different cavity geometries could be associated with particular metastable textures. Specifically, we fit the phase boundaries of
Janus droplet cavities (see details in Section 2.2.3), and from these fits we calculated
interfacial tension ratios. These studies suggest that somewhat different cavity morphologies arise for droplets that contain different textures (Fig. 10a). Distinguishing
between droplets that contain dislocation rings or undulations plus dislocation rings
is difficult, but droplets with FCDs were relatively easy to distinguish from the other
two cases.
The plot of γ

8CB−P DM S

- γ

8CB−water

(Fig. 10a) suggests that the occurrence

of FCD textures is accompanied by larger interface tension on both 8CB-water and
8CB-PDMS boundaries, but especially at the 8CB-water interface. This larger interfacial tension effect could be caused by the FCD textures, or it could arise during
drop formation (the quench and rapid mixing process) and thereby create a cavity
geometry that slightly favors formation of FCD textures. An increase in interfacial
tension could be caused, for example, by deviation of LC directors near the surface
from preferred homeotropic anchoring, which in turn would diminish the occurrence
of well-aligned interfacial molecular packings [42, 138, 139, 143, 144]. The FCDs could
induce more serious interfacial distortions than either dislocations or layer undula31

Figure 10: Cavity morphologies and interfacial tensions for Janus drops containing different SmA textures after the first quench and after annealing.
The experimentally determined ratios between interfacial tensions are connected to
the Janus drop cavity morphologies. a, Plot of γ 8CB−P DM S - γ 8CB−water for the Janus
drops after the quench (and concurrent phase separation). The green triangles, blue
squares, and orange circles indicate drops containing textures of undulations plus dislocation rings, dislocation ring textures, and FCD flower textures, respectively. The
black dotted line roughly separates regimes of FCD drops and dislocation/undulation
drops and is drawn to guide the eye. b, Plot of γ 8CB−P DM S - γ 8CB−water for Janus
drops after annealing. For this case, only drops containing dislocation ring textures
were observed (represented by red stars). The same black dotted line as shown in (a)
is given for comparison. Note, both γ 8CB−P DM S and γ 8CB−water are represented in
units of γ P DM S−water , which is fixed.

tions; the greater distortion is associated with less ordered interfaces, which leads to
larger interfacial tensions.

2.7 Metastable Smectic-A Textures Evolve after
Annealing and Relaxation
As noted in Section 2.6, the three observed SmA textures after the first quench
appear to suggest the existence several metastable textures. To address the question
of metastability, we employed a thermal annealing process. In essence, the thermal
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Figure 11: SmA texture evolution/transition during thermal annealing and
relaxation. FCD flower textures (achieved after the initial quench) melt as the system temperature is increased so that the 8CB undergoes a phase transition from a-c,
SmA phase through nematic phase to the isotropic phase. d, The temperature is
then decreased slowly again, so that the LCs “pre-align” with a radial configuration
in the nematic phase. e-f, Further cooling then leads to formation of dislocation ring
textures in the SmA phase. Note, the FCD textures do not reoccur after annealing. g-j, Occasionally, smectic undulations could be observed to appear on top of
the existing dislocation rings and further “relax” the SmA droplets into their final
equilibrium states. Note, the image snapshots in (a-f ) and (g-j) were taken from
different droplets. Also, the focal plane varies slightly between images, which leads
to an apparent slightly different drop size. Scale bar: 10 µm.

annealing process heated 8CB into its isotropic phase and then cooled slowly so that
8CB condensed sequentially into its nematic phase and finally its SmA phase. Such
heating-cooling schemes provide an opportunity for the LC molecules to rearrange
and achieve their lowest free energy configuration in the cavity.
Interestingly, by far the most common texture of the annealed drops had the
dislocation ring texture (see red bars in Fig. 9b). FCD textures were never observed
after annealing. We thus conclude that the FCD textures are metastable and are the
most energetically costly texture of the three. An exemplary droplet displaying the
texture transition from FCD flower textures (forming upon quench) to dislocation
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rings (after annealing) is shown in Fig. 11a-f.
Although the data are not fully unambiguous, we propose that formation of
metastable FCDs upon quench is due to rapid-turbulent-like/vigorous mixing within
the droplet that occurs during phase separation (as discussed at the very beginning
of Section 2.5). Vigorous hydrodynamic flows randomize the system transiently
during the quench, and the (relatively) short time interval for formation of ordered
states likely prevents the SmA LC from reaching its equilibrium configuration. In
addition, once formed, the high viscosity of 8CB makes texture reformation kinetics
extremely slow. The annealing procedure, by contrast, melts the LC compartment
into disordered isotropic phase and then cools slowly enough to permit the system to
remain close to equilibrium. Importantly, the “pre-alignment” of LC directors in the
nematic phase, i.e., at early stage of the cooling process, helps lock the LC molecules
into their final alignment in the bulk. Note, in the nematic phase, the LCs exhibit a
radial configuration with a point defect at drop cavity center. As the temperature decreases further, the SmA layers then rearrange based on an already partially ordered
structure. We confirmed the more consistent and narrowly distributed morphology
of these annealed Janus droplets by fitting their phase boundaries, which agree well
with the quenched droplets containing dislocation rings (red stars in Fig. 10b).
Finally, when these annealed Janus droplets which mostly contain dislocation
rings are further “relaxed” at room temperature for another few days (without interruption), we found that a large portion of the droplets undergo another texture
transformation into the combination state of dislocation rings with undulations (see
black bars in Fig. 9b). Evidently, the transition arises because the existing SmA
structures and dislocation disclinations cannot fully satisfy the geometric and anchoring boundary conditions. As a result, further modulation in the smectic phase is
desirable to lower free energy. Since extra smectic layers or disclinations cost energy,
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and because layer undulation is a fast relaxation in the presence of stress [24, 41, 43],
the texture layer undulations gradually increase from droplet edge toward center,
corresponding to the radial striped patterns as characterized in Section 2.5.3, until
the boundary conditions are completely fulfilled (see Fig. 11g-j).

2.8 More and Different Liquid Crystal
Confinement Geometries: Variable
Spherical-cap Morphologies and Patchy
Droplets
The primary experiments in this thesis focused on the LC configurations, common
to both nematic and smectic phases, that our Janus drops could support. As a result,
we have emphasized a single “snowman-like” drop morphology with a 1:1 compartment volume ratio in Section 2.4 through Section 2.7. However, our procedure for
fabricating LC Janus droplets permits fine-tuning of compartment morphology and
boundary conditions. In this section, we summarize these possibilities and describe
some related research that we have carried out along these lines. This work further
develops a platform for future LC studies with Janus and Janus-like drops.
As indicated in the droplet morphology state diagram (see Fig. 5e; also consult
Section 2.3), the detailed morphologies of Janus droplets are determined by the
relative interfacial tension between three phases, which can be controlled by employing
different types and amounts of surfactant molecules. For example, Fig. 12a and
Fig. 12b shows how a change in surfactant type in the background aqueous phase
leads to different droplet morphologies. Moreover, Fig. 12b, Fig. 12c, and Fig. 12d
show that the drop morphology can be tuned by varying the volume ratio between
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Figure 12: Control Janus droplet morphology with different surfactants and
compartment volume ratio. The detailed morphologies of Janus droplets can be
controlled by the type/concentration of surfactant in the water solution, and by the
volume ratio between LC and PDMS. (Side-view) Exemplary nematic (5CB) droplets
are demonstrated a, within a 0.1 wt% SDS solution and b-d, within a 0.1 wt% PVA
solution. Drops with different LC to PDMS volume ratio are also shown: a-b, 1:1, c,
1:3, d, 3:1. The lower parts of droplets are the LC (5CB) compartments. Scale bar:
20 µm. Note, these figures are initially created by Joonwoo Jeong and are adapted
from Ref. [1].

Figure 13: Patchy liquid crystal droplets. a-b, Bright-field and POM images
of a (side-view) smectic patchy droplet and several (bottom-view) Janus drops. The
patchy droplet is merged from two Janus drops with the 8CB to PDMS volume ratio
set to be 1:1, suspended in a 0.5 wt% SDS solution. Scale bar: 30 µm. c-d, Brightfield images of nematic droplets with 3 and 4 PDMS patches. The component Janus
drops are with a 5CB to PDMS volume ratio set to 3:1, suspended in a 0.1 wt%
PVA solution. Scale bar: 50 µm. Note, images (c) & (d) were initially generated by
Joonwoo Jeong and are adapted from Ref. [1].
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LC and PDMS compartment.
In addition to managing shapes of Janus droplets, the coalescence of Janus drops
provides a unique route to creating richer LC confinements. In particular, neighboring
Janus drops could merge by coalescence of their LC compartments and evolve to
patchy colloidal particles/droplets with various patch numbers. The resultant drops
are thus LC droplets with two, three, or even four PDMS patches, as shown in
Fig. 13. Interestingly, our preliminary experiments suggest that the multiple PDMS
compartments in individual drop always repel each other, arranging the patches into
equiangular coordinations. The observed repulsive interaction may arise from the
elastic distortion of the underlying LCs, which has a similar mechanism as in the
system we discuss in Chapter 3.
The demonstrated droplet morphologies are sensitive to the surfactant type/
concentration in the background aqueous phase, the compartment volume ratio, and
the coalescence of multiple Janus droplets. Manipulation of any/all of these factors
enables synthesis of even more complex geometrical confinements for LCs in drops.
Further characterization of the nematic and smectic LCs confined in these novel cavities and their associated texture/defect patterns will be subjects of future work.

2.9 Active Liquid Crystal Janus Droplets
Lastly, we briefly report on an unusual dynamical behavior of Janus droplets
which arises from the anisotropic property of the two compartments. Previously,
LC or oil drops dispersed in certain highly concentrated surfactant solutions were
demonstrated to exhibit self-propelled motion; the mechanism for this self-propelled
motion is believed to be related to the Marangoni stress [44, 45]. Briefly, the micelle37

Figure 14: Self-propelled motion of the nematic liquid crystal Janus
droplets. Dispersed in a 10 wt% C14 TAB solution, our nematic LC Janus droplets
exhibit self-propelled motion at a speed of ∼ 10 µm/s. The leading (and darker)
parts of the Janus drops are 5CB compartments. Note, some detached nematic LC
droplets are also shown in the field-of-view; they swim approximately twice as fast
as the Janus droplets, but the direction of their motions is not well defined as in
the Janus LC drop. The overlaid white solid lines and arrows indicate the droplet
trajectories and directions of motion, respectively. Scale bar: 100 µm. Note, these
figures are initially created by Joonwoo Jeong and are adapted from Ref. [1].

assisted solubilization of dispersed materials (e.g., LC or oil micro-droplets) in the
background water phase leads to a spatial gradient in the packing fraction of adsorbed
surfactant molecules on/around the drops, which in turn gives rise to Marangoni
stress. The stress then promotes hydrodynamic flows both inside and outside the
droplet and causes the swimming behavior.
Inspired by this mechanism and benefiting from the different solubilities of the
nematic LC (5CB) and PDMS compartments of our Janus droplets, we are able
to produce directional self-propelled motion. Specifically, we placed nematic LC
Janus drops into the concentrated 10 wt% tetradecyltrimethylammonium bromide
(C14 TAB) solution, wherein the nematic LC compartment slowly dissolved into the
water solution while the PDMS compartment remained inactive. Consequently, the
self-propelled motion of LC Janus droplets is always directional; the drop is propelled
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by the “truck-like” nematic LC compartment with the attached PDMS compartment
as the “trailer” (Fig. 14). The reported dynamical behaviors could thus offer new
avenues for applications of Janus colloids and active soft matter.

2.10 Summary and Future Directions
We created nematic and SmA LC Janus droplets, consisting of two immiscible
compartments: PDMS and either the nematic LC 5CB or the smectic LC 8CB. We
allowed the LC in the cavities to relax to its stable/metastable textures, and we
experimentally analyzed the resulting textures and their relative free energies. With
the help of POM, we observed a single surface boojum and a hedgehog point defect
within nematic LC Janus drops with planar and homeotropic anchoring, respectively.
By contrast, smectic LC Janus drops (with homeotropic anchoring) exhibit a much
more complicated behavior. Three categories of smectic textures were recognized,
including FCD flowers, dislocation rings, and undulations plus dislocation rings. All
observed textures (either with or without topological defects) arise to fulfill geometric
constraints and interfacial (homeotropic) boundary conditions. The frustration relief
was driven primarily by the need to accommodate layer number mismatch between
drop center and edge.
Importantly, the explored cavity geometry, boundary condition, and synthesis
procedure lead to occurrence of a variety of metastable smectic textures. During
formation of Janus drops, the fast and vigorous phase-separation process prevents the
smectic from reaching its equilibrium state. Thermal annealing, on the other hand,
drives the system towards lower free energy states. Evidently, the FCD flowers are the
most energetically costly texture and are associated with larger LC-water interfacial
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tension, while the texture with dislocation rings plus smectic layer undulations is
energetically cheapest and is associated with smaller LC-water interfacial tension. For
comparison, previous studies typically suggested that LCs confined in micro-emulsions
would quickly settle into a single equilibrium configuration. Our findings are unusual
in this respect and offer new routes for crafting sophisticated self-assembled structures
of SmA LCs. Moreover, to the best of our knowledge, the only existing way to
generate FCDs in suspended droplets requires interfacial planar anchoring. Ours
is the first work to report on “geometry-driven” FCD textures in a homeotropicanchored micro-emulsions, thereby expanding possibilities to study smectics in more
complex confinements.
Looking to the future, the study of texture formation dynamics could teach us
more about how smectic layers accommodate confinement geometries. Our preliminary observations suggested that the smectic textures always form and suffuse the
entire cavity in a sequential manner (see Fig. 11e-f & Fig. 11g-j). More work is still
needed to gain quantitative understanding of energetics of observed metastable textures as well as detailed packing rules for FCDs. Moreover, it would be interesting
to explore how these smectic textures configure and reconfigure due to either external fields or tunable boundary conditions. Finally, the ability to precisely control
LC defect/texture formation and evolution opens up new possibilities for assembling
functional materials in a programmable arrangement.

40

Chapter 3
Liquid Crystal Properties from Interfacial
Colloidal Dynamics 2
3.1 Introduction
Creation of specific spatial arrangements of micron- and nanometer-size colloidal
particles is an important feature of colloidal science. Colloidal crystals for example,
can form thermodynamically as an equilibrium process or as a result of so-called
directed assembly. Two-dimensional colloidal packings, in particular, occupy a special
place in our community for a variety of reasons but perhaps mostly because they are
model systems for study of hexatic phase which resides “between” a liquid and a
crystalline solid. Colloidal particles at traditional liquid interfaces are known to form
ordered and disordered structures driven by electrostatic [46, 47, 48, 49, 50], magnetic
[51, 52, 53], and capillary forces [54, 55, 56, 57]. Liquid crystals (LCs) have also been
employed to affect colloidal assemblies; interparticle interactions in this context are
unusually interesting because they can be mediated by localized topological defects.
More specifically, particles at liquid crystal interfaces exhibit self-assembly driven
by elastic interactions that arise in the underlying anisotropic fluid [58, 59, 60, 61, 62,
63]. For example, micron-sized colloidal particles form patterns on the LC-water/air
interface ranging from hexagonal lattices to chain-like dipole structures [58, 61, 62, 63,
64]. Most of the previous work on these systems investigated the effects of anchoring
conditions and geometry on colloidal structure formation. The dynamics associated
with these structures, however, was largely unexplored until our work. Moreover,
2

This chapter is based on our published work. In addition to this chapter, for details, interested
readers might also want to consult the published paper Ref. [2].
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though LC-induced particle potentials have been studied with optical tweezers in
simple two-particle systems [63], the interparticle interactions characteristic of manyparticle systems have never been measured.
In this contribution, which is published, we explore dynamics and packings of colloidal particles confined to the interface bounded on one side by air and on the other
side by the thermotropic nematic liquid crystal (NLC) 4-cyano-4’-pentylbiphenyl
(5CB). The resulting ensemble of colloidal particles differs qualitatively from other
classic two-dimensional (2D) systems [46, 47, 48, 49, 51, 53] in that the interparticle forces are mediated via liquid crystalline defects which extend from under each
particle into the bulk LC, i.e., into the underlying semi-infinite medium. Thus, the
experimental system offers a unique sample for study of 2D phase transitions, for
study of exotic particle dynamics, and for study of crystal phonons and LC defect
interactions in a regime wherein many-body effects can be important.
Here we employ video microscopy and particle tracking to measure short-time
particle diffusion and vibrational phonon modes of the 2D crystals at the NLC-air interface. The full phonon density of states of the ordered lattice at the interface exhibits
Debye behavior at low frequencies and van Hove-like singularities at higher frequencies. Sound velocities are readily extracted from the phonon dispersion relations, and
interparticle interactions in the crystals are derived from the covariance matrix of particle displacements. All of these parameters are investigated as a function of temperature up to the nematic-isotropic LC transition. The variation of the resulting Brownian dynamics and potentials are consistent with the measured temperature dependence of 5CB elastic constants and viscosity [65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75].
Finally, qualitative observations of structural melting are reported. Information
thus gained takes valuable steps towards using this class of particle ensemble at the
NLC-air interface to probe phase behavior phenomenology of quasi-2D materials and
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to probe properties of the underlying LC.

3.2 Method and Materials
3.2.1 Preparation of Colloidal Monolayers at Nematic
Liquid Crystal Interfaces
The particle monolayer was made by trapping dry micron-sized silica particles at
the interface between air and the bulk nematic phase 5CB following schemes described
in Ref. [63]. Briefly, circular-shaped wells (≈ 1.5 cm in diameter) were fabricated by
mounting a spacer with thickness of 100 µm onto a glass slide. The wells were then
filled with the LC 5CB (Kingston Chemicals). Silica microparticles (nominal diameter
d = 1.0 µm, Duke Standards) were surface-functionalized with dimethyloctadecyl
[3-(trimethoxysilyl)propyl] ammonium chloride (DMOAP, Sigma-Aldrich; 5 wt% in
a 1 : 9 by weight mixture of water and ethanol). This functionalization induces
homeotropic anchoring of 5CB LC mesogens on the particle surfaces. After being
aerosolized by an air pulse, the particles settled through the air and were adsorbed
on the air-exposed surface of 5CB (see Fig. 15a). The bottom glass slide was also
treated with a 5 wt% DMOAP solution for homeotropic anchoring.
The whole system was heated to the nematic-isotropic transition temperature,
TN I ≈ 35 ◦ C, for a short time and then cooled before the colloidal particles were
spread. This heating-cooling scheme provides an opportunity for the LC mesogens
to rearrange and helps to ensure uniform director alignment in the vertical direction
within the bulk LC, i.e., before particles are introduced. In total, these cautionary
measures help to minimize alignment complications caused by the bottom well surface
and by disorder that can arise during sample loading (i.e., the procedures help to
ensure uniform homeotropic alignment of the 5CB film as sketched in Fig. 15a).
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Figure 15: Hexagonal colloidal lattices at the nematic-air interface. a,
DMOAP functionalized silica colloids spread at the air-5CB interface. b, The cartoon schematic depicts a possible local deformation of director alignment and a point
hedgehog defect beneath each particle in the underlying LC. This cartoon is a faithful
representation of the actual particle configuration, i.e., with the majority of particles
submerged. c, Under cross-polarizers and in the top-view, four bright lobes around
each particle exhibit the optical effects of the radial alignment of LC mesogens (below the surface). d, Self-assembled hexagonal lattices form at large surface-particle
density. Here the full-wave retardation plate is employed to distinguish northwestsoutheast lobes (yellow/orange) and northeast-southwest lobes (blue), thereby further
clarifying the local alignment of LC molecules. e, Trajectories of a few colloidal particles within the whole field-of-view are shown. The scale bar represents 1 µm, and
all particles have a diameter of 1 µm.
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Moreover, since the thickness of NLC film (≈ 50 µm) is much larger than the colloidal
particle diameter, the system dynamics are barely sensitive to the NLC film thickness
and the analyses of the problem is simplified. A glass coverslip was also added over
the well to minimize air flow effects.
After the microparticles settle at the air-NLC interface, defects form to satisfy
anchoring conditions on the particle surface and at the air-NLC interface [76]. One
possible director configuration (shown in Figs. 15b and 15c) is produced by a point
defect beneath each particle.
Macroscopic ordered patterns of such particles spontaneously form after the samples stabilize over a few days. This particle self-assembly arises from an interplay
between long-range LC-mediated interparticle elastic repulsion and a very weak gravitational confinement induced by the curved interface near the well edge. The weak
gravitational confinement, in particular, ensures that a large surface-particle density
is maintained.
Our experiments focus primarily on properties of particles in the resulting 2D
hexagonal crystal (see Fig. 15d), which typically occupies ≈ 20% of the sample well
area. Grain boundaries and defects sometimes arise too and thus further sub-divide
the crystalline region into smaller “domains” with cross-sections of approximately
several hundred micrometers. The temperature of the system is controlled by an
indium tin oxide coated glass heating stage with mounted thermocouple. Most of the
measurements were carried out at temperatures below TN I of 5CB.
When the LC undergoes a phase transition from the nematic to the isotropic
phase, the aligned nature of LC mesogens vanishes, which in turn leads to the disappearance of defects. As a result, LC-mediated long-range interparticle repulsive forces
disappear. This effect causes the crystalline hexagonal pattern to melt as shown in
Fig. 16. Once the LC is in the isotropic phase, the colloidal particles experience un45

Figure 16: Hexagonal colloidal lattices melt upon nematic-isotropic phase
transition. As the temperature increases, the underlying LC 5CB undergoes a phase
transition from a, an orientationally ordered nematic phase (temperature below TN I )
to b, a disordered isotropic phase (temperature above TN I ). The corresponding LCmediated interparticle repulsive forces weaken and eventually vanish due to loss of
mesogen alignment, and concurrently, c, the crystalline hexagonal pattern of colloids begins to melt a few seconds after the phase transition temperature is reached.
Particles have a diameter of 1 µm.

constrained Brownian motion but eventually aggregate when particles come into close
contact. This aggregation at very short range is possibly caused by weak capillary
attractions between particles due to a very small deformation of the interface [77]
around isolated beads, but it could also be due to other more direct interactions or
combinations thereof.

3.2.2 Optical Microscopy and Particle Tracking
Sample wells were observed with a Leica DMRXA optical microscope in brightfield, dark-field, and polarization modes. Leica N Plan 10x, Leica PL Fluotar L 63x,
and Leica PL APO 100x objectives were used. Crossed-polarizers and full-wave retardation plates were deployed in the microscope to characterize director configurations
around the colloidal particles.
Sample images were acquired at 22 frames per second using dark-field video mi-
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croscopy. Approximately 80,000 frames were utilized for most of the analyses. The
only exception was the data set for the study of short-time particle diffusion; in that
case, data was taken more rapidly, i.e., at 110 frames per second with ≈ 2, 000 frames
in total. Higher frame rates are needed to resolve short-time diffusive behavior. Approximately 750 particles are contained within the field-of-view, i.e., wherein data
were acquired, which corresponds to approximately 2,250 nearest-neighbor particle
pairs. Trajectories of colloidal particles in the field-of-view were obtained via standard particle tracking techniques [78]; a typical particle trajectory is shown in Fig. 15e.

3.2.3 Displacement Covariance Matrix Method
We employed the displacement covariance matrix method [79, 80, 81, 82, 83]
to derive vibrational (phonon) properties of our dense particle packing. Briefly, we
extracted displacement vectors, u(t), from the track file. This vector contains the
displacement components of each particle in each frame (i.e., at each timepoint, t),
measured with respect to its equilibrium (steady-state) position. The time-averaged
displacement covariance matrix, C, was calculated as follows:

Cij = hui (t)uj (t)it ,

(3.1)

where i, j denote particle numbers as well as coordinate components (i.e., x and y
directions in 2D). In the harmonic approximation, the stiffness matrix κ is related to
C by

κij = kB T C −1
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ij

,

(3.2)

where kB is the Boltzmann constant and T represents the temperature. Its elements
κij give the effective spring constants between particles i and j, including both x- and
y-components. In the past [79, 80, 81, 82, 83], this analysis has been employed for
isolated systems. However, for lattice structure with boundary confinements (e.g. our
case), the effect of stress in the system must also be considered [84, 85]. In this case,
the x- and y-components for each particle pair α, β are extracted from the elements
κij using a 2 × 2 submatrix:

κ̄αβ



xy
xx
καβ καβ 
=
 .
yx
yy
καβ καβ

(3.3)

Diagonalizing κ̄αβ gives two sets of eigenvalues and eigenvectors; one set is directed
along the bond b between particle pair (denoted as κef f ) while the other set has direction perpendicular to the bond (denoted as σt /r). The former (parallel) eigenvalue
is the effective spring constant for this specific colloidal particle pair, and the latter (perpendicular) eigenvalue is related to the stress divided by the center-to-center
separation of the two interacting particles, r.
Finally, we obtain the dynamical matrix, Dij , of the system from

Dij =

κij
,
m

(3.4)

where m is the particle mass. Diagonalization of Dij gives the eigenvalues and eigenvectors of the vibrational phonons of the system. (Note, the system characterized
by this procedure is the so-called shadow particle system with the same interactions
and geometry as the experimental system, but absent damping.) We encourage the
interested reader to consult Refs. [79, 80, 81, 82, 83] for details about the method,
including its strengths and limitations [86, 87, 88, 89]. To our knowledge, the present
48

analysis is the first to incorporate the effects of confinement stresses. The eigenvalues
of the dynamical matrix are the square of the eigenfrequencies, ω, of the phonon
modes, and the eigenvectors indicate the displacement amplitude for each particle
associated with each mode. The accumulated number of modes, N (ω), is defined
as the number of vibrational modes with frequency less than or equal to ω, and the
derivative of N (ω) with respect to ω is the phonon density of states (DOS), i.e., the
number of vibrational modes per unit frequency (energy) interval.
In carrying out this covariance procedure, caution must be taken because several
factors can introduce errors. All of these procedures have been carefully described by
Chen et al. [90]. Notably, we use a linear extrapolation method [83] to account for
the effects of finite sampling on the mode frequencies.

3.3 Probing Liquid Crystal Viscosity via
Short-time Particle Diffusions
Once fabricating the system, we first report on its diffusion dynamics. We calculated the particle mean square displacement (MSD) from the individual trajectories
as shown in Fig. 17a. The plateau at long time delays is caused by spatial caging of
particle motion due to its local hexagonal confinement cage in the ordered structure.
At the early times we expect the MSD to grow linearly with time, and, indeed, the
particles at the air-NLC interface exhibit fairly linear short-time MSD curves.
We varied temperature, and we fit the short-time MSD at each temperature to
derive temperature-dependent Brownian dynamics (Fig. 17b). The linear fits gave
the short-time diffusion coefficient, D, as a function of temperature (Fig. 17c). The
observation that D increases with temperature is sensible; higher temperature implies
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Figure 17: Short-time diffusion behavior of colloidal particles at the nematic
interface. a, The mean square displacement (MSD) is calculated from colloidal particle trajectories. At short times, diffusive behavior is observed (MSD grows linearly
with time; the grey solid line has slope = 1). The plateau at long time intervals
is caused by lattice caging effects. b, The linear fit of the short-time MSD at each
temperature gives c, a corresponding short-time diffusion coefficient, D, as a function
of temperature (blue dots with error bars); D increases with increasing temperature.
The dark-red dashed curve shows T /η1 as a function of temperature from previous
work [70]. d, A linear correlation between D and T /η1 is exhibited over most of the
temperature range probed, confirming a Stokes-Einstein model; deviation from linearity is evident when the temperature approaches the nematic-isotropic transition.
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weaker elastic forces and viscosity and thus faster diffusion. To quantitatively explain
this tendency, we apply a very simple model that assumes particle diffusion at the
interface is dominated by the bulk LC. In this case, the diffusion coefficient is described
by the Stokes-Einstein relation [91],

D=

kB T
,
6πRη

(3.5)

where η is the viscosity of 5CB, and R is the colloidal particle radius. Generally, for
diffusion in a LC, the anisotropic nature of the viscosity should be considered [92,
93, 94], and an anisotropic drag force is predicted [95, 96, 97]. However, the particle
motions in the present situation are largely in-plane, and therefore we need only
consider the viscosity η1 for which the LC director is perpendicular to the direction
of particle motion and parallel to the direction of velocity gradient. This approach,
while approximate, is sensible because the particle motions are restricted in 2D by
the air-NLC interface.
As a further check we note that because colloidal particles do not distort the shape
of LC interface significantly, the Young equation should still provide guidance for the
behavior of the anisotropic liquid [77]. (Note, although the NLC with homeotropic
anchoring yields a modified Young equation [98], the air-5CB interfacial energy is large
enough to justify neglect of the modified term.) In this case, the vertical position of
colloids is simply controlled by the contact angle between silica particle and the air5CB interface. Taking account the balance between tension forces at the three-phase
contact line (particle-air, particle-LC, and air-LC interface), and including the effects
of gravity and buoyancy, the geometric calculation gives a contact angle ≈ 33 degrees,
which, further, agrees well with experimental measurements via surface profiler [77].
This contact angle then implies that more than 90% of the particle volume is immersed
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in 5CB. For these reasons, it is plausible that a single LC viscosity could dominate
the drag force for the particles, i.e., Eq. (3.5) should capture most of the diffusion
physics. For comparison, we also show the dark-red dashed curve in Fig. 17c, T /η1 ,
plotted as a function of temperature [70]; it follows roughly the same trend as our
experimental diffusion coefficient data (blue dots with error bars).
Assuming a linear correlation between D and T /η1 , the linear fit gives R ≈
0.54 µm as shown in Fig. 17d, a value close to the actual particle size R = 0.5 µm.
Note, here we have taken one value of η1 for our calculation [70] while the measured
viscosity values of 5CB vary somewhat across all previous work [69, 70, 71, 72, 73, 74,
75]. Of course, different η1 ’s will give slightly different fitted R’s. Further, we observed
a deviation from linearity when the temperature approaches the nematic-isotropic
transition. This deviation can be explained by a possibly larger hydrodynamic particle
radius caused by a comparatively stable surface-induced orientationally-ordered layer
near the colloid-LC interface [99]. Alternatively, a temperature-dependent effective
viscosity arises from different vertical positions of particles at the interface; these
position variation could be induced by changing surface tension forces with increasing
temperature, i.e., that produce a different weighting between LC and air viscosities.
Thus, the short-time particle diffusion dynamics of our system are revealed to
follow a bulk Stokes-Einstein relation with the temperature dependence of η1 following that of bulk nematic 5CB. Ultimately, the air-exposed part of particle and
interfacial effects should be considered for more precise analyses. For comparison,
a single homeotropic anchored particle in its bulk nematic counterpart exhibits a
slightly smaller diffusion coefficient than our experimental measurement at the airNLC interface, possibly due to a larger effective viscosity. The difference is within
20% [96, 97]. Note also, the 3D Stokes-Einstein model is an approximation, and, ideally, it should be modified with a correction factor that accounts for the interface [100].
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3.4 Phonon Density of States and Dispersion
Relations
As noted in the Method and Materials section, the phonon modes of the collective
system with hexagonal order were calculated from the colloids’ displacement correlations [79, 80, 81, 82, 83]. From this data we derive the phonon density of states
(DOS) as a function of frequency ω. According to Debye model, the DOS of a crystal
should scale as ω n−1 at low frequencies, where n is the dimension of the system [101].
Therefore, in the case of a 2D crystal, the DOS should grow linearly with the phonon
frequency. The DOS of the 2D hexagonal lattice of particles at the air-NLC interface
indeed follows the Debye model at low frequencies, as shown in Fig. 18a.
In the higher frequency regimes, the DOS deviates from Debye scaling and displays two peaks that are remnants of van Hove singularities (Fig. 18a). These features
arise from transverse and longitudinal vibrational modes at the edge of the first Brillouin zone; they have been observed in other 2D colloidal crystal experiments with
different interaction potentials [90, 101, 102].
Using the solutions of D(ω), we also calculated the phonon dispersion relation
ω(q) for the system, where q represents the phonon wave vector. We extract ω(q)
by Fourier decomposition of eigenvectors along high-symmetry crystallographic directions. The details of the method are described in the literature [103, 104] and were
recently applied to soft colloidal crystals[90] and glasses [105]. The phonon dispersion
relation for our crystal is shown in Fig. 18b. Slopes of the transverse and longitudinal
branches in the long-wavelength limit near the center of the Brillouin zone give the
transverse and longitudinal sound velocities, cT = 24.0±0.4 mm/s and cL = 60.2±0.4
mm/s, respectively (see Fig. 19). The group velocity for both branches becomes zero
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Figure 18: Vibrational density of states and dispersion relations of the colloidal packings. a, The vibrational density of states (DOS) of the hexagonal crystals
of particles at the air-NLC interface is shown as a function of frequency ω. At low
frequencies, the DOS grows approximately linearly with phonon frequency, i.e., the
Debye scaling DOS ∝ ω. In higher frequency regimes, the DOS deviates from Debye
scaling and displays remnants of van Hove singularities. Inset: For the regime where
ω < 1.5 × 104 rad/s, the data is re-plotted with both axes logarithmically scaled.
The grey solid line has slope = 1, which is predicted by the Debye model. b, Dispersion curves for transverse (red/orange) and longitudinal (black/grey) modes along
high-symmetry directions, including raw data (crosses) and binned data (solid circles
and squares with error bars). The DOS plot is shown again for easy comparison of
frequencies. The measurement was performed at room temperature, 21.8 ◦ C. Inset:
High-symmetry directions in reciprocal space.
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Figure 19: Dispersion relations and sound velocities of the colloidal packings. a, Dispersion curves for transverse (red) and longitudinal (black) modes along
one of the two high-symmetry directions, Γ-M. The blue solid lines are the linear
fits for linear dispersion (i.e., low frequency) regimes, whose slopes give the sound
velocities cT = 23.6 ± 0.3 mm/s and cL = 62.8 ± 0.8 mm/s, respectively. b, The same
process is applied to direction Γ-L and gives cT = 24.4 ± 0.9 mm/s, cL = 57.6 ± 0.3
mm/s. Inset: High-symmetry directions in reciprocal space.
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at the edges of the Brillouin zone, and the frequencies wherein these features are
observed correspond to those of the van Hove singularities in Fig. 18a.
With these sound velocities at hand, we are able to perform other self-consistency
checks. For example, according to the Debye model, for a 2D system [106]

DOS(ω) ≡

L2
dN (ω)
=
×ω ,
dω
2πc2

(3.6)

where L2 is the area size of the system and c is the sound velocity. Eq. (3.6) assumes cT
and cL are the same, but in practice they are often different. For both the transverse
and longitudinal branches, substitution of the system size and the calculated sound
velocities gives a slope of (19.6 ± 0.3) × 10−8 s2 /rad2 and (123.4 ± 4.1) × 10−8 s2 /rad2 ,
respectively, for the low frequency linear dispersion in the corresponding DOS plots.
Their sum can be tested against our experimental low frequency DOS curve (Fig. 18a).
Indeed, the calculated slope of (143.0±4.1)×10−8 s2 /rad2 is close to the one obtained
from the experimental fitting, (183.6 ± 1.5) × 10−8 s2 /rad2 , as shown by the dark-red
dashed line. Small deviations may arise due to the anisotropic nature of the sound
velocities within these crystals, but the data quality does not justify their consideration at this time.

3.5 Interparticle Interactions in The Crystal
Line defects (disclinations) and point defects (hedgehogs) are singular regions
within nematically ordered media. In the NLC bulk with homeotropic boundary
conditions at two ends of planar cell, the director field is uniform. By analogy with
electrostatics, the total topological charge in this case is zero. When a spherical
particle with homeotropic anchoring is added into the system, a topological +1 charge
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is introduced and distortions of the uniform field arise to satisfy anchoring constraints
on the particle surface. Since the director field in the cell is uniform at large distance,
the nematic creates a defect of charge -1, i.e., a point defect (hyperbolic hedgehog)
or a line defect (Saturn ring) to compensate the particle’s +1 charge.
The elastic interactions between particles in bulk LCs have been understood,
calculated [145], and checked by experiment [107, 108, 109]. However, the situation
for colloidal particles at air-NLC interfaces is more complex and less studied. In
fact, the forces between particles at interfaces are still debated, with different studies
describing and observing different interaction behaviors [58, 59, 60, 61, 63, 110, 111].
Our displacement covariance experiments provide measurements of κef f (r) for
the silica particles in the hexagonal lattice at the air-NLC interface (see Eqs. (3.2)
and (3.3)). Ideally, the form of the interparticle potential may be directly assessed
from measurement of κef f as a function of r at fixed temperature. Further, since
the temperature can be varied, the same procedure can be carried out repeatedly at
different temperatures to explore effects of the temperature-dependent elastic coefficients of 5CB. From the covariance matrix method, the calculated κef f (ij) are the
spring constants between particles with different center-to-center separation and with
boundary confinement. In principle, one can obtain information about interactions
between first nearest neighbors, second nearest neighbors, etc.
Here, due to signal-to-noise limitations, we focus only on adjacent particles, i.e.,
the nearest neighbor particles. Further, although a weak gravitational confinement
was introduced to maintain large surface-particle density in the central region of the
sample, the central region is large and flat. Therefore, we neglect gravity and the
curved interface near the well edge in our analysis; had the curvature of LC surface
within the field-of-view been significant, then the interparticle separations would have
varied smoothly within the field-of-view [63]. By sampling over the full field-of-view
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and checking the pair correlation functions, we confirmed that no systematic tendency
exists for variation of interparticle separation, r. Currently, we have no evidence
to indicate that other interparticle attractions, e.g., that have been discussed and
debated in previous work exist in our system [60, 61, 58, 59, 110].
Combining data from different temperatures, we plot the effective spring constant
versus interparticle distance (Fig. 20). Note, we plot κef f T /K versus r; the temperature T and the elastic coefficient K are included to normalize temperature effects
that arise between data from different measurements (see Section 3.6 for K values
used). Also, since we observed deviations from linear correlation between D and T /η1
when the temperature approached the nematic-isotropic transition, we only include
data for the lowest five temperatures shown in Fig. 17d.
Previous experiments on this system class measured the interaction between two
isolated particles with optical tweezers [63]. Here we aim to use displacement correlations to quantitatively demonstrate the dominant form of interaction between
colloidal particles in the dense packings at the air-NLC interface. Unfortunately,
as shown in Fig. 20, the dynamic range of particle separation, r, is quite small.
Thus, differentiation between various interaction models using these data is very difficult. In the plot we show the best fitting which gives a power law with exponent
of −3.43 ± 2.41. Power laws of −5 and −7 arising, respectively, from dipole-only
and quadrupole-only interactions lie within the error bars of our data. Therefore, the
data is not of sufficient quality to make claims about the form of the interaction between particles; neither the simple dipole form, nor the simple quadrupole form, nor
other complex forms convincingly describe the data. We must leave such determinations to future work which can acquire data offering a much larger dynamic range of r.
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Figure 20: Effective spring constant with respect to interparticle separation.
The effective spring constant κef f (together with corresponding normalization factors
T and K) between adjacent particles for the lowest five temperatures in Fig. 17d
is plotted as a function of interparticle separation r. The orange crosses exhibit
raw data, and the black error bars represent the average κef f T /K values, standard
deviations (thin lines), and standard errors (thick lines) within each 0.1 pixel bin
with a filtering condition that insures only bins with more than 400 data points are
recorded. Inset: The binned data is re-plotted with both axes logarithmically scaled.
Grey shadow region shows the best linear fit, a power law of −3.43 ± 2.41. The
quadrupole only (−7, blue dashed line) and dipole only (−5, red solid line) power
laws are also presented.

3.6 Interparticle Interactions as a Function of
Temperature & Liquid Crystal Elastic
Constant
Though we were unable to determine the exact form of the interparticle potential, our experimental measurement still enables investigation of the temperature
dependence of κef f (effective spring constant) and σt /r (stress divided by the centerto-center interparticle separation). We explored these variations with temperature.
The average value of the spring constant, κef f , was obtained from data at each tem59

Figure 21: Effective spring constant and stress as functions of temperature.
Our measurement of the average stiffness of the effective spring, κef f , is shown with
the blue squares as a function of temperature. The green circles show the stress term,
σt /r, as a function of T .

perature as the system evolved towards the nematic-isotropic transition. The blue
squares in Fig. 21 show that the stiffness of effective springs decreases with increasing
temperature in this range. Note, the vertical “error bars” do not represent measurement errors; rather, they are the standard deviation of κef f (ij) (T ) when fitted to a
Gaussian distribution. σt /r is also expressed as a function of T (green circles) and is
shown to decrease in magnitude as temperature increases.
Quantitatively, κef f is the second derivative of the potential energy of the spring
on bond b while σt /r is the derivative of potential divided by interparticle separation [85]. Since the potential is proportional to the temperature-dependent elastic
coefficient K [145, 111], the spring constant κef f (as well as the stress term σt /r) is
expected to be temperature-dependent.
The LC’s effective spring constant is proportional to K. Previous work provides
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experimental data which exhibits an approximate relation between elastic coefficients
and temperature. The primary results are expressed through the dependence of the
splay (K11 ), twist (K22 ), and bend (K33 ) elastic coefficients of 5CB as a function of
the order parameter S [65], which in turn depends on temperature [69]:

K11 = 5.98 × S 2.15 ,

(3.7)

K22 = 2.70 × S 1.96 ,

(3.8)

K33 = 11.78 × S 2.65 ,

(3.9)


S=

1−

TN I

T
+ 0.25

0.18
.

(3.10)

We employ the one-constant limit of the Frank free energy to keep the calculation
simple [145]. A single elastic coefficient of 5CB, K, may be used in the theory; in
practice, we use the arithmetic mean of 5CB splay, twist, and bend elastic coefficients
for K. Note, in our system, the LC twist likely has only a minor effect. Thus, another
possible way to do these calculations is to neglect K22 and take the arithmetic mean
of K11 and K33 to derive K(T ). This latter approach causes K to increase by a factor
of ≈ 1.3. It does not alter the main observed trends, but it will change the fitted
coefficients for the potential.
Following Eqs. (3.7)-(3.10), we plot the one-constant approximated elastic coefficient versus temperature as the dark-red dashed curve in Fig. 22. The figure again
shows our experimental spring constant data (κef f ) versus temperature for reference.
Since measurements of the elastic coefficients of 5CB vary somewhat for those reported in previous publications, we also reproduce the experimental measurements
from different work [65, 66, 67, 68, 69] as black dotted curves in the plot. Comparing
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Figure 22: Correlation between effective spring constant and liquid crystal
elastic constant. κef f data (shown in Fig. 21) is re-plotted; the dark-red dashed
curve gives the one-constant approximated elastic coefficient, K, versus temperature
following Eqs. (3.7)-(3.10). Experimental measurements of K from previous work are
also reproduced on the plot as black dotted curves [65, 66, 67, 68, 69].

the general tendencies of these curves, the positive correlation between κef f and K
is apparent.
This result can be understood qualitatively when one considers the effect temperature has on the nematic order and elastic energy of the LC. As the temperature
increases, the nematic order and elastic energy of the LC decrease. As the nematic
order and elastic energy decrease, the interaction between particles mediated by the
LC medium weakens, i.e., the effective spring constant between particles decreases.
Here we use the temperature dependence of elastic coefficients to explain our observations about the behavior of the temperature-dependent effective spring constant.
Alternatively, this general formalism also provides an approach to assess the value of
K. For example, when the exact potential form (i.e., the relation between κef f and
K) are resolved via the method described in Section 3.5, then simply performing
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the covariance procedure can lead to measurement of LC elastic coefficient. Notice,
however, almost all current theories employ the one-constant limit of the Frank free
energy; thus this method provides average K instead of individual K11 , K22 , and K33 .

3.7 Particle-free Domains and Silica Micro-cubes
at Nematic Liquid Crystal Interface
We have discussed the structure and dynamics of colloidal monolayer packings at
the nematic-air interface. In this section, we briefly report on two related observations
which are worth exploring in the follow-up experiments
The first set of observations concerns “clean” regions without particles that were
sometimes observed within the interfacial 2D hexagonal colloidal lattices (see Fig. 23).
The particle-free region exhibits a hexagonal shape with both rounded and sharp corners. Occasionally, we observed a single particle trapped at the structural center or
the particle-free hexagon. These surprising assembly patterns could be associated
with “impurities” absorbed at the nematic-air interface. The contaminant, for example, could be residual DMOAP molecules used for colloid/glass treatment or the
dirt (pollution) suspended in air. The adsorbed contaminant at the 5CB-air interface
then prohibits particles from occupying the region on the surface. The hexagonal
shape of the clean region, on the other hand, suggests a connection to the hexagonal
symmetry of the lattice elsewhere on the sample interface. At this point, the origin
of this behavior is a mystery that should prove interesting to understand.
In our second set of experiments, we replaced the spherical particles trapped
at the 5CB-air interface with micron-sized silica colloidal cubes. The hollow and
nano-porous silica cubic colloids were synthesized in three steps, following schemes
63

Figure 23: Hexagonal particle-free region within the 2D colloidal particle
lattice packings. Dark-field images of a particle-free (clean) region at the sample
interface within the 2D hexagonal colloidal lattice. Occasionally, a single particle was
found trapped at the structural center of the particle-free region. These regions could
originate from impurities absorbed at the nematic-air interface, but at present we do
not have evidence for this effect. Particles have diameter of 1.0 µm.

Figure 24: Packings of silica colloidal cubes at the nematic-air interface.
a, Scanning electron microscope (SEM) image of exemplary hematite micro-cubes.
Scale bar: 2 µm. b-c, Dark-field and POM image of self-assembled hexagonal lattice
of colloidal micro-cubes at the 5CB-air interface (with the same field-of-view). The
cubes have size around 2.3 µm.
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described in Ref. [112, 113]: (1) syntheses of hematite micro-cubes (Fig. 24a); (2)
creation of templated hematite cubes with an amorphous silica shell; (3) dissolution
of hematite core by hydrochloric acid. These silica micro-cubes were then aerosolized
by an air pulse and adsorbed onto the air-exposed surface of 5CB, as described in
Section 3.2.1.
As exhibited by Fig. 24b-c, the micro-cubic colloids self-assemble into hexagonal
lattice. This lattice is similar to the packings formed by spherical micro-particles.
Though it has been reported that complex LC defect structures could emerge around
colloidal cubes (compared to spheres) embedded in nematic [114, 115], we did not
observe evidence of such (different) interparticle interactions in our preliminary experiment. A potential explanation is that the contributions from faceted colloidal
boundaries are weak, perhaps because of the large interparticle separation or the
round corners/edges of micro-cubes. The cubes trapped at the interfaces could also
behave differently from cubes in the bulk. Further work is needed to further characterize the system.

3.8 Summary and Future Directions
We have created self-assembled monolayers of particles at the air-NLC interface
and have analyzed the diffusion and vibrational phonon modes of crystalline packings
of colloidal particles. These measurements provide quantitative insight about the
LC-defect-mediated interparticle interaction effects. On short timescales, the particles exhibited diffusive motion with diffusion coefficients consistent with a StokesEinstein model wherein the effective viscosity is predominantly that of 5CB. The
phonon density of states (DOS) exhibited Debye scaling at low frequencies and van
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Hove-like singularities at higher frequencies. The dispersion relations for transverse
and longitudinal vibrational modes, and their corresponding sound velocities, were
also calculated. Moreover, the dependence of these interactions on particle separation
was quantitatively analyzed, but the data did not permit accurate determination of
potentials. Finally, the temperature dependence of these interparticle forces was consistent with expectations based on previous (temperature-dependent) measurements
of the splay, twist, and bend elastic moduli.
In the process of performing this research, we also explored the temperature
dependence of the phonon behavior. A rough analysis shows that the range of eigenfrequencies becomes wider, and the distribution of effective spring constants broadens
as the system temperature decreases (see Fig. 25a). Some of these observations are
sensible. The effective spring constant, for example, becomes larger with decreasing
temperature due to an increase in magnitude of the elastic constants; this effect, in
turn, should lead to an increase in the full frequency range of the DOS (see Fig. 25b).
Other possible sources of increased broadening include increased disorder induced
by factors such as non-uniform particle wetting and slow relaxation of LC-particle
contact lines [116] especially at lower temperatures. The resultant heterogeneities
could thereby contribute to the observed distribution broadening of effective spring
constants and DOS.
Moreover, the data also suggests that the system has a broader distribution of
nearest-neighbor interparticle separations at lower temperatures, i.e., even though
the basic hexagonal symmetry of the lattice persists. Further, sound velocities in
the crystal are observed to decrease with increasing system temperature. At higher
temperature, smaller effective spring constant is consistent with a lattice containing
weaker bonds between neighboring particles, which gives rise to smaller sound velocities. These phenomena deserve more attention and should be explored in future
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Figure 25: Temperature dependence of the phonon behavior.
Our
temperature-dependent study shows that as the system temperature decreases, the
range of eigenfrequencies becomes wider, which arises from the distribution broadening of effective spring constants as shown in the plot. The effective spring constant
becomes larger with decreasing temperature, since the elastic constants increase with
decreasing temperature. This effect, in turn, leads (at least in part) to a, a shifting
(and some broadening) of the κef f distribution and thus to b, a broader width for
the DOS with respect to frequency. Moreover, several mechanisms may also induce
such disorder, including non-uniform wetting (caused by uneven DMOAP functionalization or uneven surface roughness of colloidal particles) and slowly-relaxed contact
lines of colloids at interfaces. The hypothesis is that, since the relaxation is slower at
lower temperature due to a larger LC viscosity, the contact line needs more time to
relax and would be slightly more “zigzag” (caused by non-uniform wetting) when we
observed. The resultant heterogeneities could then contribute to a broadening of the
κef f distribution.
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experiments.
Looking to the future, the 2D system we have created and studied offers new ways
to explore interesting questions. For example, with improvements and larger system
size, it should be possible to investigate phase transitions and possible hexatic states
in a new class of 2D crystal mediated by elastic defects that penetrate asymmetrically
into the surrounding media. In a different vein, using other types of LCs or particles,
it should be possible to create situations wherein the particles submerge less into the
LC; in this case, variation in particle diffusion will be interesting to study. More work
is needed to understand the phonon DOS variation with temperature, which at least
partially reflects quenched disorder (albeit while maintaining the hexagonal lattice);
this scenario potentially offers an experimental technique for study of connections
between phonon spectra and disorder.
Finally, experiments with better signal-to-noise, for example due to larger dynamic range of particle separations, are needed for precise determination of interparticle potentials. Setups such as a wedge-shaped well with capability of changing LC
level could be employed for this purpose. The ability to vary lattice spacing provides
us with the possibility to check for attractive interactions and to investigate how
crystal vibrational behavior is altered by different interparticle separations.
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Chapter 4
Self-shaping Liquid Crystal Microemulsions 3
4.1 Introduction
Most liquid crystal (LC) research we have described thus far either focuses on
how to tune and control the molecular alignment of the LC constituents, or on how
to employ the LCs (LC alignment) to assemble colloidal particles at an interface
(Chapter 2 and Chapter 3). In this chapter we focus on a different phenomenon.
In particular, we study the effects of the competition between bulk LC elasticity and
interfacial tension in drops containing LC oligomer mixtures. We discover that these
effects can lead to spectacular self-organization or “shape transitions” of LC microemulsion drops; the drops start spherical and evolve to acquire highly non-trivial
internal and external structure.
Briefly, it is well known that the shapes of liquid drops depend on the balance
between interfacial energy and bulk energy. In our daily life, droplets containing
isotropic liquid (e.g., water and oil) are most often spherical because spheres minimize interfacial energy at fixed bulk volume; the system bulk energy is not considered
because it is usually independent from geometry. The spherical shape can be changed,
however, by filling or covering the drops with selected materials. Liquid crystalline
materials, in general, happen to be ideal candidates for the trick because of their significant bulk anisotropic elasticities, which vary with confinement size and geometry.
Once the interfacial tension is no longer dominant, i.e., with reduced contribution
3

This chapter is based on our published work. In addition to this chapter, for details, interested
readers might also want to consult the published paper Ref. [3].
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from interfacial tension, the anisotropic LC bulk elasticity then becomes more important for determining drop shape, increasing the potential for spontaneous shape
transitions as detailed in the following sections.
In the work presented in this chapter (which is published), the consequences of
molecular heterogeneity on nematic liquid crystal oligomer (NLCO) drops in equilibrium are revealed to promote reversible shape transitions to a rich variety of nonspherical morphologies with unique internal structure. Surprisingly, polydispersity of
the LC oligomers does not destroy order, as it often does in inanimate matter; rather,
polydispersity drives remarkable and reversible shape transitions of the drop. Note,
heterogeneity in traditional materials can induce subtle effects [121, 122, 123], but
most often polydispersity tends to disrupt order and impede self-assembly and state
transformation.
Previously, shape transitions of homogeneous liquid drops with monodisperse ingredients have been reported in equilibrium [124, 125, 126, 127, 128, 129] and nonequilibrium studies [130, 131, 132], with the latter producing filaments at active interfaces, albeit randomly without control. Our experiments employ suspended drops
composed of polydisperse NLCOs. We find that variation of oligomer chain length
distribution, temperature, and surfactant concentration alters the balance between
NLCO elastic energy and interfacial energy, and drives formation of these nematic
structures that range from roughened spheres to “flower” shapes to branched filamentous networks with controllable diameters. The branched structures with confined LC
director fields can be produced reversibly over areas of at least one square centimeter and can be converted into liquid crystal elastomers (LCEs) by ultraviolet (UV)
curing.
Remarkably, observations and modeling reveal that chain length polydispersity
plays a crucial role in driving these morphogenic phenomena, via spatial segregation.
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This insight suggests new routes for encoding network structure and function in soft
materials.

4.2 Method and Materials
Our experiments employ NLCO drops, tens of micrometers in diameter, dispersed
in water containing sodium dodecyl sulfate (SDS) surfactant. SDS creates a strong
preference for homeotropic anchoring, wherein the nematic director (molecular orientation) is perpendicular to the drop surface (Fig. 26a). Each surfactant-stabilized
NLCO emulsion contain a mixture of 1,4-bis-[4-(6-acryloyloxyhexyloxy)benzoyloxy]2-methylbenzene (RM82) monomers and RM82 oligomers [133] with variable chain
lengths (Fig. 26a, see Fig. 27a for details of chain length distribution). Importantly,
compared to small molecule LCs, chain length polydispersity of the NLCOs offers new
degrees of freedom which can profoundly affect drop morphology, and the NLCOs are
readily crosslinked to lock-in nematic morphologies.

4.2.1 Synthesis of Nematic Liquid Crystal Oligomer Drops
The employed NLCO emulsions were made in three steps: (1) preparation of emulsion drops containing monomer / chain-extender mixtures and suspended in an aqueous phase; (2) oligomerization within individual drops to link LC monomers together
into liquid crystal oligomers (LCOs); (3) creation of final NLCO drop suspensions in
water, which are observed by video microscopy as a function of temperature.
Step 1: Preparation of emulsions containing precursors.
A 1:1 mixture of 1,4-bis-[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene
(monomer RM82, Wilshire Technologies) and n-butylamine (chain-extender, Sigma71

Figure 26: Schematics of nematic liquid crystal oligomer drop and filament
suspended in water solution. a-b, The schematics depict a surfactant-stabilized
NLCO sphere and filament (purple) in a background aqueous phase (orange). White
lines on cross sections represent nematic director. The concept of spatial segregation
by oligomer chain length is illustrated. Inset: For simplicity, long-chain/short-chain
species (blue/pink solid tilde) are represented by hexamers and dimers, respectively
(grey ellipses represent monomers). The z-axis in (b) is parallel to the filament axis
pointing away from structural center.
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Figure 27: Chain length (molecular weight) distribution of nematic liquid crystal oligomer samples measured by size exclusion chromatography
(SEC). a, The NLCO source samples are shown to be a mixture of monomers, dimers,
trimers, tetramers, and other oligomers (blue solid line, peak appearing at longer retention time represents shorter chain length). In step-polymerization processes, when
the extent-of-reaction is less than 0.9, then monomers dominate the overall molar
fraction. For comparison, LC macromers (used in the supporting experiment in Section 4.6.4) synthesized following the schemes of Ware et al. [133] are also included in
the plot; the latter show longer mean chain length and very few (if any) short-chain
components (red dashed line). Furthermore, since our system is made in an aqueous
solution, the polymerization rate is expected to be slower. For reference, the black
dotted line shows the peak for pure RM82 monomer. b, Calculated from SEC data
(example in (a)), the number-average molecular weight (Mn , blue solid square) and
polydispersity index (PDI, red solid circle) of the NLCOs are shown as function of
oligomerization time. Both Mn and PDI increase with oligomerization time. The
dotted (for Mn ) and dashed (for PDI) curves are to guide the eye. (For comparison,
the LC macromer synthesized following the schemes of Ware et al. [133] and used in
Section 4.6.4 has Mn ≈ 6,900 Da and PDI ≈ 1.3.)
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Aldrich) was dissolved in chloroform (Fisher Scientific); weight of chloroform is 3x
the weight of RM82. A 0.2 wt% (by RM82 concentration) antioxidant, butylated
hydroxytoluene (BHT, Sigma-Aldrich), was also added.
The resulting organic phase mixture was then made into a micro-droplet emulsion
in an aqueous solution. This was achieved by adding surfactant to the mixture of water and organic-phase and then shaking to create polydisperse drops with diameters
ranging from 10 to 100 µm. Three different types of surfactant were employed: negatively charged sodium dodecyl sulfate (anionic surfactant SDS, Sigma-Aldrich), positively charged hexadecyltrimethylammonium bromide (cationic surfactant C16 TAB,
Sigma-Aldrich), and neutral polyoxyethylene (20) sorbitan monolaurate (Tween 20,
Fisher Scientific). Although phenomena with SDS surfactant is reported in most
of the work, experiments using the other two surfactants exhibited behavior similar
to that of SDS-based systems; spontaneous shape transitions are not restricted to a
certain type of surfactant. However, in considering surfactants, it is important that
homeotropic anchoring of the NLCOs is still favored. All chemicals were used as
received, without further purification or modification. At this stage, the suspended
drops contain unchained monomers.
Step 2: Oligomerization within drops.
The RM82 / n-butylamine (chain-extender) / chloroform – SDS / water droplet
suspension is next placed in a water bath at 90 ◦ C for oligomerization. During this
process, the organic solvent (chloroform) evaporates completely from each emulsion
drop, and then the n-butylamine begins to link the diacrylate RM82s in chains via a
self-catalyzed “aza-Michael addition” reaction. Afterward, resultant emulsion drops
are composed of main-chain LCOs. The degree of oligomerization (i.e., the mean
oligomer chain length h`i) is controlled by reaction time.
We note that the LCO chain length distribution is broad and has a shorter mean
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oligomer chain length, h`i, compared to previous liquid crystal elastomer work [133]
(see Fig. 27).
Step 3: Cooling of the Nematic liquid crystal oligomer drops.
After the reaction, a small volume of the suspension (i.e., the NLCO emulsion) is
pipetted into a pre-heated glass well, sealed with coverslip and glue, and then cooled
to 20 ◦ C on a hotplate at a rate of -1 ◦ C/min. The suspension is then annealed (i.e.,
quickly re-heated to 90 ◦ C and then slowly cooled to 20 ◦ C again) before the drop
morphology experiments are carried out.
Note, compared to pure RM82 monomer, which forms a nematic only above 86 ◦ C
(nematic in the 86-116 ◦ C temperature range), the present LCOs exhibit a wide nematic window that extends below room temperature (i.e., at least between 20-90 ◦ C).

4.2.2 Drop Morphology Characterization
Sample cells containing NLCO drops were observed with a Leica DMIR13 inverted
optical microscope in bright-field and polarization modes. Leica N Plan 10x, Leica PL
Fluotar L 63x, and Leica PL APO 100x objectives were used. Crossed-polarizers and
full-wave retardation plates were deployed in the microscope to characterize director
configurations within the drops.

4.2.3 Molecular Weight Measurements of Liquid Crystal
Oligomers
To further characterize the LCO samples, most of the remaining emulsion solution
was centrifuged (2,000 relative centrifugal force, RCF) at 15 ◦ C and washed with
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deionized (DI) water several times to remove surfactant. It was then vacuum dried
to remove water.
Part of the resultant bulk sample was then dissolved in tetrahydrofuran (THF;
stabilize with 250 p.p.m. BHT, Alfa Aesar) at a concentration of 1.5 mg/mL for
molecular weight analyses. The molecular weight analyses were performed using
standard size exclusion chromatography (SEC, Tosoh Bioscience EcoSEC) with flow
rate of 1.0 mL/min and with three analytical columns in series: TSKgel G2000HXL,
TSKgel G2500HXL, and TSKgel G3000HXL. A standard polystyrene sample (MW
= 48,100 Da, Sigma-Aldrich) was also added during the SEC measurements for calibration purposes.

4.2.4 Macroscopic Interfacial Tension Measurements
The interfacial tension between the NLCO drop surfaces and the background
aqueous phase were measured macroscopically using the pendant drop method [134,
135]. The pendant drop technique works by carefully analyzing the shape of a large
(millimeter-size) liquid drop hanging from a capillary tube (i.e., the flat tip syringe
needle), when it is about to detach from the capillary tube. The shape of the hanging drop depends on gravity, on cohesive forces of the drop within the background
medium, and on the interfacial tension.
Our pendant drop tensiometry employs a homemade temperature-regulated chamber, which enabled us to measure the system interfacial tension as a function of temperature. Each target NLCO bulk sample was injected into a syringe coupled with a
flat tip needle. The pendant NLCO drop was made in a 0.1 wt% SDS water solution
in the temperature-regulated chamber. High contrast images of the drop contour
were obtained while the temperature was slowly decreased. The densities of the bulk
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Figure 28: Spontaneous shape transition of nematic liquid crystal oligomer
drops. a-f, A surfactant-stabilized NLCO drop in a background aqueous phase
spontaneously (and reversibly) evolves from sphere to an extended filamentous drop
as temperature is reduced. Scale bar is 20 µm.

NLCO were also measured at the different temperatures. Finally, using the methods
and software created by Daerr et al. [135], we fitted the drop contour for each sample
at each temperature using the densities of the bulk NLCO and of the surrounding
medium. With this information, the interfacial tension can be deduced.

4.3 Reversible Drop Shape Transition via
Temperature Cycling
As a short reminder, here we study NLCO drops dispersed in water containing
SDS surfactant. Essential features of the drop shape transitions are shown in Fig. 28.
At a high temperature (∼90 ◦ C), while still in the nematic phase, the NLCO drop
is spherical (Fig. 28a, see also Fig. 26a). In this situation, interfacial energy is large
compared to bulk director elastic energy. Upon cooling, the surface tension and bulk
elasticity vary, and excess interface is created. This interplay destabilizes the drop,
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Figure 29: Reversible shape transitions of nematic liquid crystal oligomer
drops during temperature cycling. a-c, When temperature increases from room
temperature (20 ◦ C) to higher temperatures (e.g., 90 ◦ C), the NLCO filamentous
structures reversibly evolve back into spherical micro-droplets. c-e, Then, during
re-cooling, the spherical micro-droplets evolve back into filamentous structures. The
drop morphology can be transformed repeatedly, remaining quantitatively similar.
Here, multiple small drops evolve in the field-of-view; data in Fig. 28a-f showed
only one large evolving drop. Scale bar: 20 µm.

facilitating spontaneous polymorphic transitions to non-spherical equilibrium structures (see exemplar images in Fig. 28a-f; see corresponding director configuration
schematics in Fig. 26a-b; interested reader can also consult Supplementary Video 1
of Ref. [3] or check the online version https://www.nature.com/articles/s41586-0191809-8). These polymorphic shape transitions are reversible and repeatable via temperature cycling (see Fig. 29; interested reader can again consult Supplementary
Video 2 of Ref. [3] or check the online version https://www.nature.com/articles/s41586019-1809-8).
Arguably, the major factor driving these shape transitions is the interfacial tension, γ, which decreases with decreasing temperature. This trend was confirmed in
pendant drop experiments using large, millimeter-size NLCO drops (Fig. 30; check
experimental details in Section 4.2.4), and it has been reported in other systems
[129, 136, 137]. The decrease in γ is believed to arise from greater molecular ordering
at the interface [129, 136, 138, 139]. In our case, surfactant-induced anchoring and
the stronger alignment of NLCOs at lower temperatures enhance interfacial ordering.
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Figure 30: Macroscopic interfacial tension of nematic liquid crystal oligomer
pendant drops as function of temperature and oligomerization time
(oligomer mean chain length). The NLCO drop has homeotropic anchoring at
the interface in an aqueous solution consisting of 0.1 wt% SDS. The interfacial tension
γ decreases with decreasing temperature and increasing NLCO mean oligomer chain
length h`i (consult Fig. 27b and Fig. 31f ) for relation between oligomerization processing time and h`i). Inset: Optical image of a NLCO pendant drop hanging from a
flat tip syringe needle (1.26 mm OD) in a 0.1 wt% SDS aqueous solution.
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Additionally, NLCO elastic constants increase with decreasing temperature [140].
Thus, with reduction of γ, the anisotropic bulk elasticity becomes more significant in
determining drop shape, increasing potential for spontaneous shape transitions [124].

4.4 Equilibrium Drop Morphologies as a Function
of Mean Oligomer Chain Length and
Surfactant Concentration
To elucidate the consequences of these competing effects, we constructed a morphology “state” diagram from samples that experienced the same heating-cooling cycles. Fig. 31a-d exhibit the repeatable drop morphologies: smooth/roughened spheres,
flowers, large and small diameter (d) filament networks. The “state” diagram is shown
in Fig. 31e as a function of surfactant concentration and mean oligomer length, h`i,
which increases with total oligomerization time.
Consider the effects of NLCO average chain length. Though all samples are polydisperse, the samples prepared with longer oligomerization processing times contain
a larger ratio of long-chain to short-chain oligomers and have longer h`i (Fig. 31f).
Larger NLCO elastic constants are expected for longer h`i [141, 142]. Interfacial
oligomer assembly with longer h`i also tends to reduce γ (see Fig. 30); longer NLCOs
increase oligomer chain hydrophobicity, which induces more ordered interfacial molecular packing [143, 144]. These trends favor drop morphologies with large surface area
at lower temperatures. More quantitatively, the measurements indicate a crossover
transition to non-sphericity occurs when h`i ≈ 1.5 times the monomer length in 0.1
wt% SDS solutions.
Other factors modify surface tension and affect the “state” diagram. In contrast to
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Figure 31: Equilibrium nematic liquid crystal oligomer drop morphologies
as function of mean oligomer chain length and surfactant concentration. ad, Optical images of common NLCO drop morphologies at room temperature in a 0.1
wt% SDS solution. With increasing h`i, the morphologies shown are (a) a roughened
sphere, (b) flower-shaped drops, and (c-d) filamentous structures with decreasing
diameter. e, The state diagram, constructed from the data, exhibits the equilibrium
morphology (examples in (a-d)) versus h`i and surfactant concentration. Increasing
either parameter better facilitates filament formation. The dashed curve roughly
separates spherical and non-spherical drop regimes. f, Size exclusion chromatography
shows that h`i (in units of monomer length) increases with oligomerization processing
time (horizontal axis of plots in (e), (f )). Bars indicate the spread in h`i, which mainly
arises from our inability to detect the longer-chain components. Dotted curve is to
guide the eye. Scale bar in (a-d), 20 µm.
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Figure 32: Nematic liquid crystla oligomer structures in aqueous solutions
of different surfactants as a function of the mean oligomer chain length,
h`i. NLCO drops in aqueous solutions with different surfactants, i.e., with either
cationic (hexadecyltrimethylammonium bromide, C16 TAB) or nonionic (Polysorbate
20, Tween 20) surfactants. These systems exhibit a drop morphology evolution similar
to that from SDS, i.e., with respect to cooling and an increase of h`i. After cooling
from 90 ◦ C to 20 ◦ C, a representative NLCO drop in a 0.5 mM C16 TAB aqueous
solution (below CMC, a-c) and a representative NLCO drop in a 0.03 mM Tween
20 aqueous solution (below CMC, d-f ). Both evolve with increasing h`i (consult
Fig. 31f for relation between the oligomerization time and h`i). In all cases, it is
important that NLCOs should favor homeotropic anchoring at the drop interface.
Images are taken at the room temperature. Scale bars: 20 µm.
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Figure 33: Aggregated nematic liquid crystal oligomer filamentous structures for SDS concentrations above critical micelle concentration. In a 1
wt% SDS aqueous solution, the NLCO drops exhibit similar but more complicated
shape transition behaviors than those below CMC (critical micelle concentration),
i.e., after cooling from 90 ◦ C to 20 ◦ C. For example, aggregated filamentous structures
form and sometimes stick to the substrate due, in part, to micelle-induced depletion.
(For comparison, expanded filamentous structures form in aqueous solutions below
CMC, see example in Fig. 28f and Fig. 31c-d.) The scale bar is 20 µm.

work on non-equilibrium LC filament formation [130, 131, 132], our experiments were
largely carried out below the critical micelle concentration (CMC) of SDS wherein
increasing SDS concentration will lower γ and help facilitate interfacial roughening
and filament formation (see Fig. 31e). Additional experiments confirmed the primary
phenomena are not unique to SDS surfactant (Fig. 32), nor limited to surfactant concentrations below CMC (Fig. 33).

4.5 Director Configurations within Spherical and
Filamentous Structures
Given this emerging qualitative picture, we sought to understand the shape tran83

Figure 34: Director configurations within nematic liquid crystal oligomer
structures. a, Bright-field image of spherical NLCO drop with a single, central radial
hedgehog defect. b-c, POM coupled with a full-wave retardation plate enables identification of nematic director configurations within a section of a y-branched NLCO
filamentous structure. Yellow indicates northwest–southeast alignment; cyan indicates northeast–southwest alignment. Inset: 2D projected director field schematic.
d-e, The hedgehog always remains at the center of drop, even for complex structures,
e.g., after evolving to a flower-shape (bright-field (d); POM image and director field
schematic (inset)) or a filamentous structure (hedgehog appears as the cross-pattern
in POM (e)). Note, structures in (d-e) were weakly confined in a quasi-2D chamber so the filaments tended to grow perpendicular to optical axis, providing easy
observation of the point defect. Scale bar is 10 µm.
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sitions more quantitatively. To this end, we determined NLCO director configurations
using polarization optical microscopy (POM) with a full-wave retardation plate. We
then applied simple models (please consult next section) to determine free energies
for each case.
Here we focus on the two limiting morphologies: spherical versus filamentous
drops. Spheres exhibit the classic POM texture corresponding to a radial hedgehog director configuration with topological charge +1 (point defect) at its center (Fig. 34a).
Filaments exhibit an escaped-radial director configuration (Fig. 34b-c). For all geometries, the single point defect always remains at the drop center (see Fig. 34a, d, e).

4.6 Heterogeneity and Chain-length-dependent
Oligomer Segregation Drive Drop Shape
Transitions
To predict shape transition phenomena, modeling must account for energetics
associated with both interfacial tension and elastic bulk free energy of the confined
NLCO. The calculations thus require knowledge about the splay (K11 ), twist (K22 ),
bend (K33 ), and saddle-splay (K24 ) NLCO elastic constants, as well as interface anchoring strength. We utilize well known models for the sphere with radial hedgehog director configuration [145] and for cylinders with escaped-radial director configuration
[146, 147, 148, 149, 150]. Importantly, all models assume a homogeneous, monodisperse chain length distribution for the NLCOs. The models employ γ from pendant
drop experiments, measured drop dimensions, and estimates of elastic constants and
interfacial anchoring strength based on small molecule LCs [151]. Calculations then
yield conditions for the sphere-filament free energy instability.
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Surprisingly, we found that free energy instabilities only occur (according to the
model) if our system has either an unphysically large saddle-splay elastic constant
(K24 > 30×K11 ), or a value of γ that is much smaller (∼10x) than those obtained
in the pendant drop experiments. Given this discrepancy, we were compelled to
consider other effects. In the process we uncovered the importance of NLCO chain
length polydispersity (molecular heterogeneity), which can profoundly impact interface
and core energetics.
In the rest part of this section, we provide details of our model free energy calculations. Note, we employ equilibrium models because the observed effects were
reversible with slow temperature cycling, and the structures were stable. For rapid
quenching (non-equilibrium) though, it is still possible to generate a transient negative surface tension which could also drive the effect.

4.6.1 System Free Energy for Nematic Liquid Crystal
Oligomer Drops & Filaments
The Frank free energy for a nematic liquid crystal is given below; it accounts for
the elastic energy associated with spatial distortions of the director n̂ in the liquid
crystal [152], that is:
1
Fv =
2

Z

d3 r {K11 (n̂O · n̂)2 + K22 (n̂ · O × n̂)2 + K33 [n̂ × (O × n̂)]2
(4.1)

− K24 O · [n̂ × (O × n̂) + n̂(O · n̂)]} .
Here K11 , K22 and K33 are elastic constants for splay, twist and bend deformations,
respectively. The final term, with the elastic constant K24 , is called the saddle-splay;
it is absent from the corresponding Euler–Lagrange equation but contributes to the
total free energy. Note, for simple solutions, the so-called splay-bend K13 elastic
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deformation and other second derivatives (or higher-order terms) of the director field
[153, 154] are usually not included — for example, inclusion of K13 without higher
order terms can lead to paradoxes [155, 156] — nevertheless, interested readers can
find free energy models which include K13 and discuss these issues [149]. To simplify
calculations even further, a one-constant limit of the Frank free energy [145] is often
applied, that is, K11 , K22 and K33 are set equal and expressed as a single value, K.
In addition to liquid crystal elastic free energy, our modeling includes interfacial
free energy,
Z
Fσ−iso = γ

dS ,

(4.2)

and liquid crystal interface anchoring energy [157],

Fσ−aniso

1
= Wa
2

Z

dS sin2 Φ ,

(4.3)

where γ is the interfacial tension, Wa is the anchoring energy coefficient at the interface, and Φ is the angle between the liquid crystal director at the interface and the
interface normal. Both terms are integrated over the surface.
Starting with these elastic energy expressions, and using well-established elastic
models for a sphere (with radial director configuration) [145] and for a cylindrical
filament (with escaped-radial director configuration) [146, 147, 148, 149, 150], one
can derive expressions for total system free energy.
For the sphere (one-constant approximation):


1
Fs = 8π K − K24 R + γ4πR2 ,
2

87

(4.4)

or, if K11 6= K33 ,


1
Fs = 8π K11 − K24 R + γ4πR2 .
2

(4.5)

For the filament (one-constant approximation),



K24
1
Ff = πK 3 −
−
L + γ2πrL ,
K
σ
Wa r K24
+
−1>1 .
where σ ≡
K
K

(4.6)

Or, if K11 < K33 ,

Ff = πK11

√
k
k
2+ √
tan−1 k − 1 − √
tan−1
k−1
k−1

k−1
σ




K24
−
L
K11
(4.7)

+ γ2πrL ,
where k ≡

√

Wa r K24
K33
and σ ≡
+
−1>1 .
K11
K11
K11

Or, if K11 > K33 ,



√
√
k
k
1−k
K24
−1
−1
Ff = πK11 2 + √
tanh
1−k− √
tanh
−
L
σ
K11
1−k
1−k
+ γ2πrL .
(4.8)
Here K is the composite elastic constant (that is, in the one-constant approximation) of the NLCO mixture. R is the radius of the spherical NLCO drop, and r
and L are the radius and length of the NLCO cylindrical filament, respectively. The
twist elasticity, K22 , makes no contribution to the free energy of either the sphere
or the cylinder, and the anchoring energy term (Eq. (4.3)) arises for cylinders with
an escaped-radial director configuration, but not for spheres with radial director con88

figurations. Note that in Eq. (4.1), Eq. (4.4) and Eq. (4.6), the saddle-splay (K24 )
term is sometimes ignored, but for our system K24 is essential. Ignoring saddle-splay
would require a negative interfacial tension (γ) for the spontaneous shape transitions,
which is inconsistent with our measurements of γ and with the reversible, equilibrium
shape transition phenomenology observed.

4.6.2 Criteria for Drop Shape Transitions Predicted by The
Homogeneous Model
Since we observed a spontaneous transition from spherical to filamentous drops
during cooling, we anticipate that an energetically favorable spontaneous process
must have Ff < Fs . We next examine the parameter values needed to favor this
spontaneous process.
Among these parameters, γ was measured by the pendant drop technique using
large (millimeter-size) drops. For example, the measured γ is 4.64 mN/m at 80 ◦ C
and 2.36 mN/m at 30 ◦ C for the sample NLCO#2 which had 7 h of oligomerization
time (see Fig. 30 and Section 4.2.4; consult Refs. [129, 136, 137, 138, 139] for details
of this unusual temperature-dependent trend). In one (typical) sample, R and r were
measured by bright-field optical microscopy to be 13.0 µm and 0.65 µm, respectively.
Because it is difficult to directly measure the elastic constants and anchoring energy
coefficients of our NLCOs, we estimate their values at room temperature: K ≈ 10−10
N and Wa ≈ 10−4 J/m2 . These numbers are chosen based on the values, and on
the relationships between parameters, in drops of monodisperse small molecule liquid
crystals. When interfacial free energy is dominant (for example, at high temperature
or with short h`i), we expect the NLCO droplets to remain spherical. Then, knowing the interfacial tension, we can compute an estimate for K. Similarly, since the
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droplet adopts a radial configuration with a hedgehog defect at its center [151], Wa
is estimated by assuming that the extrapolation length, ξS ≡ K/Wa ≈ 1 µm, for
the spherical drop is much smaller than the drop diameter. Note that Wa typically
ranges from 10−6 to 10−3 J/m2 for weak to strong anchoring. (For reader reference,
we list experimental values for important parameters. For thermotropic LCs: (1)
5CB has K11 ≈ 6.2 × 10−12 N and K33 ≈ 8.25 × 10−12 N (∼ 25 ◦ C); (2) 8CB has
K11 ≈ 6.0 × 10−12 N and K33 ≈ 6.4 × 10−12 N (∼ 35 ◦ C) [158]. For lyotropic LCs:
(1) DSCG has K11 ≈ 10.2 × 10−12 N and K33 ≈ 24.9 × 10−12 N (16 wt%, within ∼
4 ◦ C of TN I ); (2) SSY has K11 ≈ 4.3 × 10−12 N and K33 ≈ 6.1 × 10−12 N (29 wt%,
within ∼ 2 ◦ C of TN I ) [159]. For LC monomers that are molecularly similar to RM82:
K ≈ 2.6×10−12 N (∼ 97 ◦ C) [160]. For anchoring energy: (1) 5CB/SiO interfaces have
Wa ≈ 4.0×10−5 J/m2 (∼ 35 ◦ C) [161]; LC mixture (Merck-BDH, MLC 6608)/lecithin
interfaces have Wa ≈ 4.6×10−4 J/m2 (∼ 23.1 ◦ C) [162]; 8OCB/DMOAP-treated-glass
interfaces have Wa ≈ 1.0 × 10−4 J/m2 (∼ 75 ◦ C) [163].)
The models and criteria above, along with the experimental and estimated parameters, lead to well-defined constraints. A spontaneous shape transition is only
possible, for example, when K24 & 32×K11 , which is far too large for most liquid
crystal materials. Note that abandoning the one-constant approximation does not
affect this conclusion. In addition, varying K and Wa over a reasonable range — for
example, from 5 × 10−11 to 10−10 N and 5 × 10−5 to 5 × 10−4 J/m2 , respectively —
does not affect the conclusion (see details in Fig. 35).
Revisiting the initial comparison between Eq. (4.4) and Eq. (4.6) suggests that a
smaller “true” γ is needed to significantly increase the probability of a shape transition. We next consider how this situation can be realized through oligomer polydispersity and spatial segregation.

90

Figure 35: Range of required interfacial tension reduction needed for spontaneous shape transitions of NLCO drops with “physical” saddle-splay
modulus. This table summarizes parameter values that permit shape transitions
(with reasonable saddle-splay elastic constants) based on our model free energy calculations. We fix the interfacial tension (γ measured; mm−drop ) at 30◦ C measured by the
pendant drop technique. A fairly wide range of estimated elastic constants (K) and
anchoring energy coefficients (Wa ) are employed in the calculations too. Per criteria
for a spontaneous shape transition, we demand that the required saddle-splay elastic
constant (K24 ) be of order ∼6 times the splay modulus (or less). The calculations
show that a smaller “true” interfacial tension, γ true; micro−emulsion (expressed as reduction factor of γ measured; mm−drop in the Table), will significantly relax the saddle-splay
requirement. This reduction of γ can be realized through oligomer polydispersity and
resultant oligomer spatial segregation in the elastic stress field. Note, a reasonable
range for K is 5 × 10−11 N to 10−10 N; a value of K = 10−11 N is too small since it is
the same order of magnitude as small molecule LCs such as 5CB.

4.6.3 Criteria for Drop Shape Transitions Predicted by The
Heterogeneous Model
In applying Eq. (4.4) and Eq. (4.6), the simple models treated the bulk NLCO as a
homogeneous material with monodisperse chain length. However, the NLCO mixture
is polydisperse; it is composed of oligomers with a broad distribution of chain lengths
(as demonstrated in Fig. 27a). This new degree of freedom offers the possibility for
spatial rearrangement of the oligomers within the drops, wherein the long-chain-length
oligomers move preferentially to the interface and the short-chain-length oligomers
move to be closer to the drop center (see Fig. 26). For micrometer-size NLCO emulsion
drops, molecules can easily diffuse and segregate within the confining structure on
experimental timescales.
On the basis of simple energy considerations, spontaneous segregation to produce
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a long-chain-rich shell (near the surface or interface) and a short-chain-rich core (for
example, near the sphere center, or central axis of a filament or cylinder) will lower the
system free energy. Consider a quantitative example. For spherical drops of radius
R, one can compute the elastic free energy density in the shell and core regions using
the relation: Felastic = 8πK11 R. If we define the core as the central region with a
radius ranging from 0 to R/2, and the shell as the remainder of the sphere, then the
splay elastic energy density in the core is ∼7x greater than that in the shell. In our
experiments, the bulk elastic energy is lowered because short-chain NLCOs, which
have smaller elastic constants, preferentially occupy the core regions which have very
substantial director distortions (that is, large splay or splay/bend elastic distortions).
This phenomenon can be understood as a chain-length-dependent “driving force” due
to the elastic energy density gradient within the drop. This energy gradient between
core and shell regions leads to spatial rearrangement of oligomers with different chain
lengths.
Moreover, the segregation of long-chain oligomers to the drop surface will reduce the interfacial energy of the drop (compared to a drop containing a homogeneous mixture, as is the case for the millimeter-size drops).
γ

true; micro−emulsion

facial tension, γ
γ

to be less than the corresponding millimeter-size droplet inter-

measured; mm−drop ,

true; micro−emulsion

We thus expect

<γ

measured in the pendant drop experiments:

measured; mm−drop .

NLCO polydispersity, and its consequences

for chain-length-dependent spatial segregation of oligomers within the drop, generates a critical new feature in the micro-emulsion that influences shape transitions
and self-assembly. The resultant reduction of interfacial tension reduces the unphysically large K24 requirement (calculated in the previous section) and thus resolves
concerns raised by the simple shape instability model calculations for homogeneous,
monodisperse liquid crystals.
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For example, using the same parameters for K and W a, but with a reduction of γ
by 10x, we obtain the requirement K24 & 5.5×K11 , which is in an acceptable range for
saddle-splay modulus. Of course, further reduction of γ (as long as interfacial energy
still dominates at high temperature) decreases the required K24 value even more and
renders shape transitions to be even more likely. (Note also that the segregationinduced decrease in bulk elastic energy will further reduce the requirements for γ
reduction, because the decrease in elastic free energy in filaments is greater than in
spherical drops.)
Before giving an estimation about how could the oligomer segregation lead to
reduction of γ, I would like to introduce a simple bidisperse demixing model. The
model provides an easy way to better understand the system; it also serves as a supplementary experiment for our main result.

4.6.4 Macromer–monomer Mixing Experiments
These experiments were designed to confirm the influence of oligomer polydispersity on the shape transition phenomenology of NLCO drops. Specifically, we investigated how the average chain length of the oligomers in the NLCO mixture affects
the shape transitions. For this study, however, we employed a synthetic approach
to make the NLCO drop mixtures that was different from the methods mentioned
elsewhere in this chapter (i.e., the protocol mentioned in Section 4.2.1).
We first synthesized a main-chain liquid crystal macromer with a number-average
molecular weight of approximately 6,900 Da; following the work by Ware et al. [133],
this macromer had a mean chain length, h`i, of ∼9, that is, a mean chain length
roughly 9 times the monomer length. This sample had a polydispersity index (PDI)
of 1.3 (see Fig. 27). Note, PDI is defined as the ratio between weight-average molecular
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weight (Mw ) and number-average molecular weight (Mn ). PDI = 1 implies uniform
polymer chain length.
The macromers thus obtained were then mixed with pure RM82 monomer at different weight ratios in chloroform (chloroform : liquid crystal mixture = 3:1 wt/wt).
The mixture was then emulsified in 0.1 wt% SDS aqueous solution, and then the chloroform was evaporated in a 90 ◦ C water bath. No further chain growth occurred during this process (confirmed by 1 H-NMR) because the chain-extender, n-butylamine,
was not added to the mixture. When all chloroform was removed, temperature cycling was carried out following the same protocol described in Step 3 of Section
4.2.1. The resulting drop shapes and micro-structures were observed in bright-field
and polarization optical microscopy (POM).
Upon cooling, the macromer–monomer NLCO drops transitioned from smooth
spheres to roughened spheres, flower-like structures, and filamentous structures (see
Fig. 36). These effects were dependent on the monomer : macromer weight ratio.
Specifically, with increased mean oligomer chain length, h`i, droplet structures with
larger surface area are preferred (for example, longer, thinner filaments). The observed phenomenology agrees very well with observations in our main experiment.
We have argued that the increased bulk elasticity and decreased interfacial tension
accompanying increased h`i promotes shape transitions. Quantitatively, as shown in
Fig. 36b, the droplet’s tendency towards non-sphericity commences when h`i ≈ 1.4.
This supplementary macromer–monomer mixing experiment thus exhibits the same
tendency as the experiments that employed the synthesis-in-emulsion scheme. In the
latter case, the droplet’s tendency towards non-sphericity commenced when h`i ≈ 1.5.
Note, the h`i at which non-sphericity commences can vary slightly with drop size.
We also carried out experiments with monomers only. Pure RM82 monomer (h`i
= 1) crystallizes during cooling; it is nematic only above 86 ◦ C. Thus, shape transi94

Figure 36: Drop morphologies obtained from mixtures of macromers
(h`i ≈ 9) and monomers (RM82) at different weight ratios in a 0.1 wt%
SDS aqueous solution after cooling. With a fixed amount of RM82, increasing
the concentration of macromers in the drop leads to longer h`i, larger bulk elasticity,
and lower interfacial tension. The latter two factors favor interfacial roughening and
filament formation. Images are taken at the room temperature after cooling. Scale
bar: 50 µm.

tions are not seen with drops containing only monomer. Furthermore, experiments
with drops containing only macromers (h`i ≈ 9) did not exhibit shape transitions.
Evidently, the surface tension in drops with pure macromer is too large to permit
shape transitions, presumably due to poor anchoring at the surface [164]. Moreover,
the macromer-only system viscosity is much larger [165] than the drops with smaller
average chain length, making texture formation/reformation kinetics very slow.
By contrast, the NLCO mixtures we studied maintain good packing at the drop
interface, probably because of different formation processes. The NLCOs were synthesized within each SDS stabilized drop. Thus, we expect that homeotropic director
“pre-alignment” could already exist at early stages of the oligomerization process in
these drops, that is, when most of the oligomer chains are short and the surfactants
can induce good anchoring. Thus, importantly, the monomers are approximately
locked into their interfacial structure at the outset. Then as the chains grow longer
throughout the drop, the longer oligomers spatially segregate to an already partially
ordered surface at high coverage and can help increase order at the interface in a
perturbative manner. This segregation and greater molecular packing/order reduces
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interfacial tension and ultimately induces shape transitions when interfacial tension
becomes sufficiently small. In principle, the shape transformation process could still
happen for a monodisperse system with very small surface tension. Our polydisperse
NLCO mixtures, however, provide an easy segregation-driven route to lowering interfacial tension and elastic energy.

4.6.5 Polydispersity and Oligomer Segregation Reduce
Interfacial Tension and Facilitate Drop Shape
Transitions
As promised at the end of Section 4.6.3, we can estimate the reduction of γ
induced by oligomer segregation using a simple bidisperse demixing model (alluded
in Section 4.6.4).
In the model, one component of the mixture is a monomer (h`i = 1), and
the other component is a macromer with h`i ≈ 9. As shown in Fig. 36c, for a
monomer:macromer mixture weight ratio of 1:0.7, the overall mean chain length is
h`iwhole ≈ 1.53. This condition gives rise to filamentous drop structures. Taking this
condition to be exemplary for filament formation, we next show how the macromers
and monomers segregate into core and shell regions with uneven chain length distributions in order to lower overall system elastic energy.
Because the total amount of monomer and macromer is conserved during segregation, we readily generate an equation relating the monomer:macromer weight ratio
and h`iwhole of the initial homogeneously distributed mixture to the final, segregated
long-chain-rich shell with h`ishell and the short-chain-rich core with h`icore . The re-
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sulting relation is
6641 (h`ishell − 1)
0.7
Vshell
=
×
1 + 0.7
Vtotal 6641 (h`ishell − 1) + 673 (9 − h`ishell )
6641n
Vcore
×
.
+
Vtotal 6641n + 673 (1 − n)

(4.9)

Here n is the number fraction of macromer in the core region, and Vshell and Vcore are
volume of shell and core regions, respectively: Vshell + Vcore = Vtotal . The mean chain
length of the core can also be written in a simple form

h`icore = 1 × (1 − n) + 9n .

(4.10)

For simplicity, we assume that segregation leads to equal volumes of core and
shell, and we set h`ishell = 1.70. Eqs. (4.9) and (4.10) then give n ≈ 4.9 % and
h`icore ≈ 1.39. Note that it is straightforward to use this model with other assumptions
about the volume segregation ratio and the mean oligomer chain length in the shell;
the general qualitative conclusions about system free energy reduction (compared to
the homogeneous drop) will be the same for sensible parameters.
To quantify how the chain length redistribution within the structure affects the
system’s overall bulk elastic energy, we take h`icore ≈ 1.39 and h`ishell = 1.70, and we
compute the elastic free energy volume integrals over the target geometry (for example, radial/sphere and escaped-radial/filament) using the Frank free energy equation
(Eqs. (4.1)). We then compare the Frank free energy of the segregated system to that
of the homogeneously distributed system with h`iwhole ≈ 1.53. For this calculation,
we assume that the elastic constant is proportional to oligomer mean chain length
[141, 142]. The comparison reveals that this reduction in h`icore will decrease bulk
elastic energy by ∼ 5 % for the sphere and > 8 % for the filament (that is, compared
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to the homogeneously distributed systems).
Most importantly, as a result of oligomer segregation (for example, an increase
of local mean chain length near interface from 1.53 to 1.70, by ∼ 0.17), the interfacial tension is lowered dramatically. To better appreciate this assertion, consider
the homogeneous mixtures NLCO #2 (7 h oligomerization) and NLCO #5 (24 h
oligomerization) in Fig. 30. For these samples, the interfacial tension (for example,
at 30 ◦ C) of the drops made with NLCO #5 (0.12 mN/m) is significantly much
smaller, by a factor of ∼ 20x, compared to that of NLCO #2 (2.36 mN/m), whereas
the average chain length changed by only ∼ 0.10. Indeed, from the pendant drop
experiments, one would expect that a long-chain-rich interface (with local increase of
mean chain length of ∼ 0.17) would reduce γ substantially, that is, γ would be reduced
by at least a factor of 20x. Hence, our earlier statement that “a reduction of γ by
10x to approximately 0.1 mN/m yields sphere–filament instabilities with reasonable
saddle-splay moduli” is a conservative estimate of the expected change of interfacial
tension.
Last, we reiterate that in the millimeter-size drops measured by the pendant technique, we expect the chain-length-dependent segregation to be insignificant. Macroscopically, the drop is approximately homogeneous because the millimeter-size drops
have many nematic microdomains (each with a director oriented uniformly along a
different direction) and many randomly situated disclination lines. The larger drops
have lower curvatures too, and therefore director distortion is reduced near their
surfaces. The largest distortions that could drive segregation should occur locally
near disclinations and at domain walls distributed roughly uniformly throughout the
drop; thus, they will not promote net migration to the surface. Moreover, the required molecular diffusion over long distances will be small because of extremely long
diffusion times (domain walls would also act as barriers to oligomer diffusion, and
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so on). Thus, interfacial tension derived from the pendant drop experiments is set
by the macroscopic “average” of the whole droplet, that is, h`i of the initial (source)
NLCO distributions.

4.7 Analogue in Biological Matter: Polydispersity
and Phase-separation Drive Surface Patterning
Generally, in the world around us, most materials are intrinsically heterogeneous
(polydisperse). Natural polymers like rubber, wood cellulose, and silk are composed
of long-chain molecules with different lengths. Natural and practical dispersions (e.g.,
solid particles in liquids, liquid drops in liquids or in gasses) are also comprised of
constituents with a wide distribution of sizes. Since it is widely observed, it will not be
surprised if the molecular heterogeneity plays a key role in some important phenomena
in biological objects. For example, molecular heterogeneity driven segregation and
phase separation were reported to promote formation of the diverse surface patterns
and morphologies in pollen grains, insect cuticles, fungal spores, and the photonic
structures in butterfly wing scales as well as bird feathers [117, 118, 119, 120].
As discussed earlier in this chapter, we have found that the drop morphology
changes were driven by the polydispersity of the molecules contained inside the drop
as well as the chain-length-dependent oligomer segregations. Future studies of branching behaviors thus provide new insights into drop assembly and stabilization, and,
possibly, could reveal connections to molecular heterogeneity driven segregation and
phase separation for function in biological matter.
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4.8 Summary and Future Directions
We have developed a technique that allows for equilibrium transitions among a
rich set of non-spherical morphologies in drop suspensions consisting of NLCOs. At
high temperature, the drops have spherical shape because of the domination of interfacial tension. Upon cooling, the drops evolve reversibly from spheres to roughened
spheres, flowers, and branched filamentous network. Observations and modelling
reveal that molecular heterogeneity plays a crucial role in this process; spatial segregation of oligomer chains of varying length tips the balance between free energies,
driving the morphogenic phenomena. Specifically, induced by elastic energy gradients
of the director within the drop, short-chain NLCOs, which have smaller associated
elastic constants, will migrate towards the core, and long-chain NLCOs, which have
larger associated elastic constants, will migrate towards the drop surface. As a result,
interfacial tension of the drop is lowered dramatically due to stronger nematic ordering at the interface driven by the greater numbers of long-chain oligomers; meanwhile,
the elastic energy also decreases slightly because of reduced average rod-length in the
core. Spatial redistribution of polydisperse oligomers in the drops and the consequent
reduction of interfacial tension thus yield sphere-filament instabilities with reasonable
saddle-splay moduli.
Although rarely studied, some shape transitions have been observed in molecularly heterogeneous systems [166], and the phenomenon of segregation by size, broadly
defined, has been reported in lipid membrane systems [167], near topological defects
in LC simulations [168], and in much larger LC polymer systems mediated by sizedependent nematic/isotropic-transition temperatures [165]. It is perhaps useful to
reconsider these phenomena in light of the new results revealed by our experiments.
To conclude, while polydispersity and molecular heterogeneity are often avoided
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in synthetic systems, here they facilitate equilibrium transitions among dramatically
different morphological structures. This ability can be exploited to create soft materials such as highly branched networks with uniform filament size, i.e., simply by
tuning chain length distribution, temperature, and surfactant concentration. Further
studies of branching behaviors may provide new insights about drop assembly and
stabilization.
Moreover, the self-assembly processes are reversible, and the network structures
can be permanently locked by UV crosslinking. Simple rules revealed by the experiments offer new concepts for creation of programmed spatio-temporal networks.
Currently, my work is directed toward the exploitation of these possibilities, which
will be discussed in Chapter 5.
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Chapter 5
Liquid Crystal Elastomers from
Flower-like and Filamentous Drops
5.1 Introduction
In Chapter 4, we discovered and characterized a novel temperature-tunable soft
system. These samples consisted of nematic drops containing liquid crystal oligomers
and suspended in aqueous phase; the shapes of these drops could be reversibly
switched from sphere-like to filamentous network-like (Fig. 28). The shape transition phenomenon provided new insights into drop assembly and stabilization, and
it revealed new connections to the surface patterning processes of biological matter.
In this chapter, we further explore the potential of this effect and this system as a
platform to make new functional materials.
Thus far, the nematic morphologies (see Fig. 31a-d for examples) have been liquidlike. They are quite stable and can survive for days, but they still deform like a fluid.
The precursor materials, however, have the potential to become solid-like. We thus
modified the synthesis procedure to this end. Specifically, we added crosslinkers into
the existing synthesis sequence to enable “solidification” of the structures (i.e., by
crosslinking the nematic liquid crystal oligomers (NLCOs) into solid nematic liquid
crystal elastomers (NLCEs)). The augmented scheme thus provides a new solid material in a variety of shapes and with a broad range of operation potential. The
resultant materials also offer an opportunity for us to carefully characterize the resultant liquid crystalline structures microscopically, i.e., with resolution beyond that
of the diffraction limit of optical microscopy.
Previously, we demonstrated that the drop morphology can be tuned by NLCO
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chain length distribution, system temperature, and surfactant concentration in the
background aqueous phase. In the first part of this chapter, our primary experiments
show how to lock-in and study the resulting structures. Additionally, in preliminary
experiments presented in the second part of this chapter, we show that a cholesteric
nematic could be a promising candidate to make the self-assembled drop-constructions
programmable. Specifically, the surface patterning on the cholesteric nematic drops
is found to be coupled to subsurface disclination loops, which arise from the interplay
between surface homeotropic anchoring and bulk chiral twist. This new degree of
freedom could enable bottom-up fabrication of functional materials.
Finally, we report on preliminary research that seeks to develop potential optical/photonic applications of NLCO/NLCE substrates embedded with laser dyes,
nano-particles, and quantum dots. The novel morphologies of the nematic networks,
as well as their temperature-tunable geometries, could serve as templates with which
to organize functional materials in a controllable manner, and could potentially endow the system with unique functionalities.

5.2 Method and Materials
The synthesis setup in this chapter is similar to that in Chapter 4. In short,
the experiments employ modified NLCO drops (or NLCO composite drops), tens
of micrometers in diameter, dispersed in water containing 0.1 wt% sodium dodecyl sulfate (SDS) surfactant. Each surfactant-stabilized emulsion contains a mixture
of 1,4-bis-[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene (RM82) monomers
and RM82 oligomers with variable chain lengths. The detailed component ratio between oligomers with different chain lengths is controlled by oligomerization time.
As discussed in Section 4.2.1, the modified NLCO (or NLCO composite) emul103

sions were made in three steps. In this case, we make a few modifications compared
to our original procedure: (1) preparation of emulsion drops (suspended in a SDS
aqueous solution) containing monomer (RM82), chain-extender (n-butylamine), and
a dopant; (2) oligomerization within individual drops to link LC monomers together
into liquid crystal oligomers (LCOs); (3) creation of a final, modified, NLCO (or
NLCO composite) drop suspensions in water.
The specific modifications are described below. Note, all chemicals were used as
received, without further purification or modification.

5.2.1 Crosslinking the Nematic Liquid Crystal Oligomer
Structures to Make Nematic Liquid Crystal Elastomer
Structures
To convert fluid-like NLCOs into solid NLCEs, 2 wt% (by RM82 concentration) 2,2-Dimethoxy-2-phenylacetophenone (radical photoinitiator, Sigma-Aldrich)
was added into the initial RM82/butylamine/chloroform mixture. Then the same
oligmerization-cooling method described in Section 4.2.1 was performed to make
the oligomer structures.
After the NLCO emulsions reached their final (or desired) equilibrium morphologies, the NLCOs were crosslinked into elastomers by UV radiation (365 nm) for a few
minutes. We then evaporated the background solution, sputter-coated thin metallic
films (palladium/gold or iridium) onto the structures, and observed the resulting NLCEs via SEM (dual-beam FEI Strata DB235 Focused Ion Beam / SEM) using a 5.00
kV electron beam.
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5.2.2 Cholesteric Nematic Liquid Crystal Oligomer /
Elastomer Structures
To make cholesteric nematic liquid crystal oligomer drops, chiral dopants were
added into the initial RM82/butylamine/chloroform mixture. Then the same oligomerization and cooling method described in Section 4.2.1 was performed.
Two different types of chiral dopant were employed: (R)-2-Octyl 4-[4-(Hexyloxy)
benzoyloxy]benzoate (R811, Tokyo Chemical Industry TCI) and (S)-2-Octyl 4-[4(Hexyloxy)benzoyloxy]benzoate (S811, Tokyo Chemical Industry TCI). The amount
of chiral dopant within RM82/butylamine/chloroform mixture is between 1-10 wt%
by RM82 concentration. Note also, radical photoinitiators could be added (as detailed
in Section 5.2.1), if cholesteric nematic liquid crystal elastomer structures were the
target products.

5.2.3 Laser Dye Doped Nematic Liquid Crystal Elastomer
Filamentous Networks
In this set of experiments, the laser dye Rhodamine 6G (Sigma-Aldrich) was added
into the initial RM82/butylamine/chloroform mixture with a 1-5 wt% by RM82 concentration. The radical photoinitiator was also added (see details in Section 5.2.1).
Then the same oligomerization and cooling method described in Section 4.2.1 was
performed.

5.2.4 Quantum Dot Doped Nematic Liquid Crystal
Elastomer Filamentous Networks
In this set of experiments, CdSe/CdS core/shell quantum dots (QDs) was added
into the initial RM82/butylamine/chloroform mixture. The CdSe/CdS QDs were
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initially suspended in toluene at 7 mg/mL and were transfered to chloroform before
the experiment. The final concentration of CdSe/CdS QDs within sample was 0.5-2
wt% (by RM82 weight).
The same oligomerization and cooling process described in Section 4.2.1 was
then performed. Radical photoinitiator was also added (as detailed in Section 5.2.1)
when we were targeting NLCE-QD composite structures.

5.2.5 Gold Nanorods Doped Nematic Liquid Crystal
Oligomer & Elastomer Filamentous Networks
In this set of experiments, gold nanorods (AuNRs) with variable aspect ratios
were added into the initial RM82/butylamine/chloroform mixture. The AuNRs were
synthesized following schemes described in Ref. [169] and were suspended in chloroform. The concentration of AuNRs within samples was 0.5-2 wt% by RM82 weight.
The same oligomerization and cooling process described in Section 4.2.1 was
then performed. Radical photoinitiator was also added (as detailed in Section 5.2.1)
when we were targeting NLCE-AuNR composites.
A Varian Cary 5000 UV-VIS-NIR Spectrophotometer was then employed to measure the optical absorption spectra of the resultant sample suspensions.

5.3 Self-assembled Nematic Liquid Crystal
Elastomer Constructions with Desired
Morphology
As a short reminder, in Chapter 4 we demonstrated the shape transitions of
NLCO drops upon cooling (and heating). As the system temperature decreases, the
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Figure 37: Well-maintained morphology and director configuration during
crosslinking of nematic liquid crystal oligomer structures into nematic liquid crystal elastomers. POM (coupled with a full-wave retardation plate) images
of a, NLCO filamentous structures and b, fully crosslinked NLCE structures in the
same field-of-view. The two images were taken approximately 145 seconds (with
continuous UV exposure for crosslinking) apart. A slight morphological difference
between the NLCO and NLCE structures arises from thermal fluctuations of NLCO
fibers before they are fully crosslinked. Scale bar: 10 µm.

surface tension and bulk elasticity vary, and their interplay destabilizes the drop,
thereby facilitating spontaneous polymorphic transitions to non-spherical structures
(Fig. 28). Fig. 31a-d exhibit the rich and repeatable drop morphologies that could be
achieved by fine-tuning oligomerization time (i.e., mean oligomer chain length within
drops), as well as SDS surfactant concentration in the background water solution.
The resultant drop morphologies include smooth/roughened spheres, flowers, and
large and small diameter filament networks.
To further harvest these self-assembled morphologies for functional materials,
we UV-crosslinked the NLCOs into nematic liquid crystal elastomers (NLCEs). By
comparing POM images of corresponding NLCE and NLCO structures, we confirmed
that director configurations are well-maintained (see Fig. 37) during crosslinking.
Representative scanning electron microscopy (SEM) images of the NLCEs are
shown in Fig. 38a-d. All these structures were achieved by cooling NLCO drops to
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Figure 38: Self-assembled nematic liquid crystal elastomer structures as a
function of mean oligomer chain length within drops. SEM images of the
crosslinked NLCEs: a, roughened sphere, b, flower, and c-d, filamentous structures
with decreasing diameter. See Fig. 31a-d for corresponding NLCO morphologies
observed in bright-field optical microscopy. The objects shown in (a-c) were evolved
from a single drop and are depicted in inset schematics. Thin filamentous structures
grown from several drops are shown (intertwined) in (d). (Inset of (d): filaments
with different colors grew from different drops.) Scale bars: 5 µm.

room temperature and curing by UV illumination. With increasing mean oligomer
chain length within the drops, the resultant morphology evolves from a sphere to
roughened sphere, flower, and then to filaments with decreasing diameter.
We next demonstrate that these NLCE fibers can be densely packed into centimeterwide and few-micron-thick, non-woven, free-standing NLCE mats (Fig. 39) by sedimentation. Such structures could find applications in responsive filtration and smart
fabrics. Lastly, a NLCE yarn consisting of well-aligned fibers (Fig. 40) was made by
directly pulling fibers out of the aqueous solution. These yarn-like objects could find
use in artificial muscles [170, 171], or as tunable optical waveguides.
Compared to electrospinning [173], extrusion [170], and wet-spinning [171], this
new approach for making fibrous structures is simple and scalable without need for
sophisticated tools. Moreover, the nematic filamentous structures could serve as
templates to organize nano-particles (NPs), nanorods (NRs), quantum dots (QDs),
and quantum rods (QRs). The achieved composite constructions, together with their
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Figure 39: Self-assembled nematic liquid crystal elastomer fibrous mat.
NLCE fibers can be densely packed into centimeter-wide and few-micron-thick, nonwoven, free-standing mats by sedimentation. a, An image of the fibrous mat (mounted
on a hollowed holder) with diameter greater than 1 cm is shown. b-c, Partial view of
the free-standing NLCE fibrous mat and its cross section (cut by a gallium focusedion-beam) viewed by SEM. Scale bar in (b-c): 5 µm.

Figure 40: Oriented nematic liquid crystal elastomer fiber yarn. An oriented
NLCE yarn consisting of well-aligned fibers was made by directly pulling fibers out
of the aqueous solution. Scale bar in (a): 100 µm. Scale bar in (b): 5 µm.
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temperature-tunable configuration and geometry, are expected to demonstrate novel
photonic response. For example, the dye-doped filamentous networks are promising
architectures for random lasers. I will briefly discuss these applications in the following
sections.
Note, actuation effects with the current fibers are not as yet apparent in our preliminary studies. We believe this is because of the high crosslinking density in these
samples due to insufficient oligomerization. Variation of LCO chemistry [172] could
address this issue (e.g., by decreasing crosslinking density or increasing oligomer chain
“flexibility”), and work is underway along these lines.

5.4 Programmable Surface Patterning with Chiral
Dopants
By combining the techniques discussed in Chapter 4 and Section 5.3, we can
generate micro-structures with desired morphologies, which can then be “solidified”
for applications. Nevertheless, we still need more/better capabilities to “guide” construction. For example, in the current system, the surface roughening and budding
arise at random positions on the NLCO drop surface; similarly, the fibers grow from
random spots on the NLCO-water interface. In this section we describe research to
introduce another degree of freedom for control.
Our work was inspired by non-trivial topological states that were reported to arise
within cholesteric nematic droplets with homeotropic anchoring (e.g., by adding chiral
dopants into an achiral nematic mesophase). The observations showed linked disclination loops (i.e., free-standing knots) locating just below the drop surface (together
with layered structures in the bulk region of the drop) [174, 175, 176]. The discli110

nations near the surface were shown to be able to alter local director configurations
and redistribute interfacial surfactant molecules as well as nano-particle assemblies
[177, 178]. Building on this work, we added chiral dopants to convert the NLCOs to
cholesteric NLCOs, and we investigated associated 3D textures in our system.
Following the scheme described in Section 5.2.2, we added the chiral dopant
R811, or S811, at various concentrations into the oligomer mixture. We thus made
cholesteric NLCO (CNLCO) drops. We then studied these drops, which were tens
of micrometers in diameter and dispersed in a 0.1 wt% SDS water solution. All
observations shown in this section were performed after cooling the drops slowly to
room temperature.
First, we focus on the low-oligomerization stage, i.e., the stage with drops containing short oligomer chains and exhibiting spherical shape after cooling. In this
case, the topological defect textures in the cholesteric nematics are profoundly different from those in nematics. Instead of forming a single radial hedgehog at the NLCO
drop center, typical CNLCO drops demonstrate sub-surface spiraling disclinations
(see Fig. 41a-d; interested readers might also want to consult Ref. [174, 175, 176]
for possible director configurations of these complicated topological structures, under
various conditions). The detailed topological structures are determined by the ratio
between droplet size and “pitch” size [175], which, in practice, can be controlled by
the concentration of chiral dopant (see comparison between Fig. 41a & Fig. 41e).
Note, these disclination loops with different links could be metastable; the transitions
from one topological class to another are still not completely understood.
Surprisingly, these subsurface disclinations can be easily visualized by SEM after
UV curing. Fig. 42 exhibits exemplary crosslinked cholesteric NLCE structures, with
grooves winded around the smooth spherical surface. To the best of our knowledge,
this is the first report wherein disclinations within nematic LC bulk physically affect
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Figure 41: Cholesteric nematic liquid crystal oligomer drops with spiralling
subsurface disclinations. Bright-field optical images of common cholesteric NLCO
drops at room temperature after cooling in a 0.1 wt% SDS solution. Different chiral
dopants and different doping concentrations are employed: a-b, 2 wt% R811. c-d, 2
wt% S811. e, 5.5 wt% R811. Note, all drops contain the same oligomer chain length
distribution, i.e., they have the same degree of oligomerization. Scale bar: 20 µm.
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Figure 42: Surface grooves associated with subsurface disclinations on
cholesteric nematic liquid crystal elastomer spheres. SEM images of the
crosslinked cholesteric NLCE spheres showing grooves winding on their smooth surface. All samples are doped with 5.5 wt% R811. Scale bar: 10 µm.
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local topographic features at a liquid interface (although similar effects in smectic
phase are known). We propose that the neighboring grooves represent a 180◦ turn
of the helix; the dimples surrounded by grooves, on the other hand, represent double
twist cylinder structures with axes pointing normal to the sphere surface. Potentially,
the technique to generate surface grooves that coincide with the disclinations, which
are readily crosslinked, could serve as a powerful tool for defect studies; SEM provides a much higher resolution, beyond diffraction limit of optical microscopy, and
SEM imaging (of the 3D-spanning defect lines) from different observation angles is
readily possible by simply rotating the solidified sample. The observations demonstrate potential connections, but more work is needed to clarify the relation between
interfacial grooves and corresponding subsurface disclination loops. It is still unclear,
for example, whether the grooves already exist on the CNLCO drop surface, or if
they arise upon crosslinking; the latter is possible, potentially, because of buckling
associated with anisotropic mechanical properties driven by local director deviations.
To trigger the spontaneous polymorphic transitions to non-spherical morphologies, we then increase oligomer mean chain length within the drops (consult Section
4.3 & Section 4.4 for the case without chiral dopant). Amazingly, in the cholesteric
nematic case, the surface roughening and filament growing processes appear to be
coupled to the local subsurface disclination loops. The drop exhibits surface roughening and spiraling stripe patterns which coincide with the spatial distribution of
underlying disclination loops (see Fig. 43b-c).
Arguably, the major factor driving this “localized roughening” phenomena is the
local interfacial anchoring change from homeotropic to planar, originating from the
chiral nature of cholesteric nematics. Specifically, the LC molecules tend to twist
against their neighbors in nematic LCs with chiral dopants. When the system has a
cavity wall with a degenerate planar anchoring, the pitch axis can orient perpendicular
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Figure 43: Surface roughening coupled with spatial distribution of underlying disclination loops. a, Schematic depicting a cholesteric nematic-water interface. The pitch axis orient parallel to the interface; blue ellipses represent LC
molecules. (For simplicity, the oligomer chain length polydispersity is not illustrated.)
The concept of uneven interfacial packing fraction of SDS molecules (red symbols) is
illustrated. b-c, With increasing oligomer mean chain length within the drops, surface roughening increasingly emerges after cooling. The roughened patterns evolve
from the regions between spiraling “stripes” on the drop surface (see example in (c),
as indicated by red arrows), which coincide with the underlying disclination loops.
The samples are doped with 2 wt% R811. Scale bar: 20 µm.
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to the boundary to satisfy both the anchoring condition and the tendency of the
cholesteric to twist. However, for a system with homeotropic anchoring, no direction
exists wherein the pitch axis can orient to fulfill both interfacial anchoring and bulk
twist. The homeotropic boundary therefore competes with cholesteric twist. As a
result, the LC directors cannot be perpendicular to the entire boundary as sketched
in Fig. 43a. The disclination loops thus form near regions wherein local directors
deviate from preferred alignment.
The essential feature driven by local director deviations, i.e., the emergence
of subsurface disclinations, is the rearrangement of surfactant molecules absorbed
at the drop interface. In particular, SDS molecules “prefer” to stay in the region
with homeotropic anchoring (because of their molecular structure). The surfactant
molecules redistribute, displaying lower packing fraction near disclination loops while
having higher concentration in regions without disclinations. Consequently, the drop
sustains an uneven interfacial tension distribution, i.e., lower interfacial tension arises
between observed spiraling stripes, wherein the surfactant molecules have higher packing fraction. The small interfacial tension, in turn, facilitates surface roughening
and filament growing, as revealed in Chapter 4. Therefore, the surface roughening
and budding now start from the region between neighboring disclinations/stripes, as
shown in Fig. 43b-c.
Finally, a further increase in oligomer mean chain length within the drops eventually led to production of coiled filamentous structures after cooling (Fig. 44). Note,
for the current procedure, only a few coiled fibers are observed within individual
samples; most of the drops still evolve into straight filaments. Careful tuning of the
pitch size, i.e., concentration of chiral dopant, may be critical in order to consistently
fabricate coiled structures. More work is needed to characterize the detailed mechanism associated with this unusual effect. With more understanding, the ability to
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Figure 44: Coiled filamentous structures formed by cholesteric nematics.
For cholesteric NLCO drops containing oligomers with a long enough mean chain
length, coiled filamentous structures were sometimes found after cooling. The sample
is doped with 5.5 wt% R811. Scale bar: 5 µm.

spatially control detailed topological disclination textures could further enable the
programmable surface patterning with richer functionalities.

5.5 Photonics in Nematic Filamentous Networks
& Fibrous Nematic - Quantum Dot Composites
The inclusion of functional dopants, such as nanoparticles and fluorescent dyes,
into polymer fibers is known to be a method to realize novel light sources. Lasing, for
example, can occur. Recently, it has been demonstrated that lasing can arise from
within the randomly distributed cavities of polymer fiber networks [179, 180]. The
nanophotonic networks that support lasing consist of subwavelength waveguides (i.e.,
individual fiber sections or links) connected at multiple nodes. However, all of the
demonstrated systems were limited to 2D flattened fiber meshes, and the combination
of high optical gain in small waveguide diameters has been proven to be challenging.
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Our fibrous networks offer a new system in which to explore these types of effects.
As briefly discussed in Section 5.3, our scheme provides a simple and scalable
approach for making fibrous structures, compared with the traditional electrospinning
[173], extrusion [170], and wet-spinning [171] techniques. In addition, another great
advantage of our setup is its 3D and highly branched filamentous structure. Moreover,
the ability to tune detailed network morphology could offer new knobs to control the
lasing action, such as the light localization length and threshold.
We have started preliminary experimentation to explore these issues. Specifically,
we doped the NLCE network (see example in Fig. 38c) with laser dye, Rhodamine 6G,
thereby creating a potential architecture for a so-called random laser [179, 180]. Thus
far, we have successfully created the composite fibrous networks; however, we have not
tested their optical/lasing properties. Our ongoing work is directed toward probing
the localized modes sustained by the 3D fibrous network. For example, we would
like to understand how different modes occupying different network links depend on
the branch structure and node number. It is also interesting to study the potentially
strong light scattering by the disordered network (e.g., strong scattering compared to
a sphere of the same volume of material).
We are also exploring replacement of the fluorescent dyes with light emitting
quantum dots or quantum rods. The rationale for this substitution is that the doped
laser dyes can suffer from photobleaching during the UV curing procedure, which
is necessary for NLCE fabrication. By adopting quantum dots such as CdSe/CdS
core/shell structures, the issue is ameliorated. Moreover, the escaped radial director
configurations within individual NLCE fiber could further align anisotropic quantum
rods into a special and tunable arrangements that could exhibit interesting photonic
responses. The corresponding experiment, however, is still in its preliminary stage.
A few NLCO/NLCE-QD composites have been fabricated, but whether the doped
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QDs were well-dispersed within the liquid crystalline substrates is not yet clarified.
Further photonic characterization such as emission measurements are needed, and
work is underway along these lines.

5.6 Fibrous Nematic-Gold Nanorod Composites
Finally, we briefly introduce our work to make fibrous NLCO-gold nanorod (AuNR)
composites, wherein the NLCO structures serve as a template to organize AuNRs.
AuNRs are well known to exhibit strong surface plasmon resonances in the visible light portion of the electromagnetic spectrum; these resonances are induced by
the optical-driven collective oscillations of free (conduction) electrons in the metal
particles. Their unique optical and electronic properties depend on particle shape,
size, aspect ratio, and interparticle separation [181]. AuNRs have also been demonstrated to be aligned either by the local director field of the background liquid crystalline medium [182, 183, 184], or by shear forces during electrospinning processes
[185, 186, 187]. These aligned nanoparticle systems exhibit direction-dependent longitudinal surface plasmon resonances (LSPRs). By combining the plasmonic behavior
of AuNRs together with our established NLCO structures, whose configuration and
geometry are temperature sensitive, we aim to create NLCO-AuNR (and corresponding NLCE-AuNR) composite constructions with novel plasmonic responses.
Following schemes described in Ref. [169], my colleague, Yuchen Wang, synthesized AuNRs with various aspect ratios, which were coated with poly(ethylene glycol)
(PEG) ligand (Fig. 45). These AuNRs were then doped into NLCO suspensions following the protocol described in Section 5.2.5.
Based on our preliminary result, we found that the doped AuNRs do not alter the
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Figure 45: Gold nanorods with various aspect ratios. a-c, Transmission electron
microscopy (TEM) images of gold nanorods with highly uniform shape. The aspect
ratio of AuNRs can be fine-tuned; three of the exemplary batches are shown here.
The peak value of their longitudinal surface plasmon resonances are 699 nm, 740 nm,
and 800 nm, respectively. Scale bars are 100 nm. These TEM images were taken by
my colleague, Yuchen Wang.

Figure 46: Gold nanorods doped nematic liquid crystal elstomer structures
and UV-VIS-NIR absorption spectra. a, Optical image of a crosslinked filamentous NLCE-AuNR network suspended in water. Scale bar: 10 µm. b, The UVVIS-NIR absorption spectra through the sample cells. The red & blue solid curves
represent suspensions of the NLCE-AuNR spheres and filamentous NLCE-AuNR network, respectively. The black dotted curve shows the pure AuNRs suspended in water
as a reference.
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thermo-response of NLCO emulsion drops, which exhibit spherical shapes and radial
director configurations at high temperature and filamentous shapes with escaped radial configuration at low temperature (see Fig. 46a; consult Section 4.3 & Section
4.5 for results without AuNR dopants). However, as revealed by the UV-VIS-NIR
(ultraviolet - visible light - near infrared) absorption spectra, the LSPR signals of
the current NLCO/NLCE-AuNR constructions, in both spherical and filamentous
geometries, are not yet apparent (see Fig. 46b). The origin of the insignificant absorption spectra may arise from poor dispersion and aggregation of AuNRs within
NLCO/NLCE medium. Variation and improvement of detailed synthetic procedure
should address this issue; work is underway along these lines. Note, a blue-shift in
LSPR caused by AuNR reshaping was also observed (see comparison between the
peak value of red/blue solid curve and black dotted curve in Fig. 46b). The reshaping phenomena of AuNRs (i.e., the nanorods will shorten along the long axis) are
due to the heating process of NLCO oligomerization [188, 189]. The issue could be
resolved by decreasing temperature during oligomerization.
Our ongoing work is directed toward characterizing the thermo-responsive plasmon resonances sustained by the NLCO/NLCE-AuNR composites. Benefit from the
temperature-tunable morphology and director configuration of the NLCO substrates,
the organization of embedded AuNRs should transform dramatically with respect to
temperature. Compared to previous work [190, 191, 192], the features could thus give
rise to a more substantial switching in LSPR spectra.

5.7 Summary and Future Directions
We utilized the thermo-responsive NLCO suspensions as a platform to make functional materials. Together with their crosslinkable capability and tunable geometry,
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the ability of the established micro-structures to “template” embedded functional
materials indeed opens up interesting possibilities for creation of responsive soft materials.
First, we demonstrated that the various nematic structures can be crosslinked
by UV light into the so-called nematic liquid crystal elastomers. This process occurs
within tens of seconds. This goal was our motivation at the outset when designing the
experiments discussed in Chapter 4. With this method, we realized various “frozen”
nematic structures and complex constructions, such as oriented fibrous yarns and freestanding mats. The technique not only enables a simple and scalable approach to
make fibers, it also offers a means to study their liquid crystalline structures in detail,
with resolution beyond limit of optical microscopy. The actuation issue still needs
to be resolved, and this will require attention to the LC polymer chemistry. Once
resolved, new functional materials such as tunable waveguides, responsive filtration,
and smart fabrics could be achieved.
Secondly, we explored the effects of chiral dopants on the NLCO drop morphologies. In particular, the resulting cholesteric nematic develops subsurface spiraling
disclination loops and associated redistribution of surfactant molecules absorbed at
the interface. The uneven surfactant packing, in turn, gives rise to irregular and
spatially patterned interfacial tension. As a result, the samples with longer mean
oligomer chain length bud and grow into filaments (after cooling) from the region
without underlying disclinations. This type of guidance of detailed topological disclination textures is of fundamental interest and could enable a programmable patterned
constructions. Moreover, the same trick can be applied to flat LC-water interface (instead of micro-emulsion drops) for broader applications.
Lastly, we pointed out future research directions regarding functionalities of the
fibrous nematic composites. Based on our preliminary experiments, the filamentous
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nematic structures serve as templates to organize laser dyes and functional nanoparticles. Specifically, the nanophotonic 3D networks could provide a conceptually
new architecture for designing and fabricating random lasers as well as strong light
scattering objects. With the quantum dots/rods and gold nanorods embedded in
the nematic substrates, we hope to demonstrate novel photonic responses such as
temperature-tunable plasmonic devices. Currently, work is directed toward the exploration of these possibilities.
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Chapter 6
Conclusion and Future Directions
The research presented in this thesis connected elastic properties, containment
geometry, and boundary conditions of liquid crystals (LCs) to various associated
assemblies. Of particular importance for these experiments and analyses, is the influence of surface anchoring and interfacial tension. The uncovered features suggest
new routes to create novel and potentially useful programmable soft materials.
In this concluding chapter, we summarize these results (briefly). In addition, we
suggest avenues for further research (briefly).

6.1 Textures of Confined Liquid Crystals:
Interplay between Elasticity, Surface
Anchoring, and Boundary Geometry
The first research problems, presented in Chapter 2, centered on how LCs in
Janus drops are influenced by containment geometry and anchoring boundary conditions. This interplay drove assembly/formation of fascinating director configurations/textures in the confined geometries. In this set of experiments, both the nematic LC 5CB and the smectic-A LC 8CB were investigated in the spherical-cap
like confinements of Janus LC droplets. These containment geometries are hard to
achieve via other approaches. The LCs in the cavities relaxed into stable/metastable
textures, and we experimentally analyzed the textures and their relative energies.
The confined nematic LCs in spherical-caps exhibited textures similar to those
typically observed in spherical droplets.
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Specifically, we observed textures with

a single surface boojum defect and with a hedgehog point defect for planar and
homeotropic anchoring, respectively.
The smectic LCs confined in homeotropic-anchored Janus drops exhibited much
richer behaviors than the nematics. Surprisingly, upon initial formation, instead of
settling into a single equilibrium configuration (as occurred for the nematic LCs),
three classes of SmA LC textures were recognized and classified. These textures
included focal conic domain (FCD) flowers, dislocation rings, and undulations plus
dislocation rings. Our research suggested that, of these, the first two textures were
metastable. The FCD flowers were the most energetically costly texture, while the
texture with dislocation rings plus smectic layer undulations was the cheapest (energetically). A follow-up study showed how the LC texture stability and evolution
depend on synthesis procedure in addition to well-known factors such as confinement
geometry, boundary anchoring, and bulk LC elasticity. To achieve lowest energy
configurations, sufficient time is needed.
The observations thus suggest ways for fabricating complex smectic LC structures in Janus droplets and other confined geometries. Moreover, to the best of our
knowledge, the only existing way to generate FCDs in suspended droplets requires
interfacial planar anchoring. Ours is the first work to report “geometry-driven” FCD
textures in a homeotropic-anchored micro-emulsion, which expands possibilities for
study smectics in confinement.
The experiments and analyses we performed generate questions for future research. For example, does drop morphology affect LC configuration or vice versa,
especially during the texture transition process? What are the quantitative rules for
packing FCDs within a cavity? Are there other uses for the ability to precisely control
LC defect/texture formation and its evolution in Janus droplets and other containing
environments? In the process of carrying out these studies, our preliminary observa125

tions also suggested that the SmA textures tend to form and occupy the entire cavity
in a sequential manner; study of texture formation dynamics will be an interesting
subject of future work.

6.2 Self-assembled Colloidal Packings:
Interactions Mediated by Topological Defects
in Liquid Crystals
The second study, outlined in Chapter 3, investigated LC-driven assembly of
embedded colloidal particles. In the experiment, a two-dimensional crystalline packing of colloidal particles residing at the air-nematic (5CB) interface was investigated.
Here, the interparticle interactions were produced by topological defects in the LC,
i.e., director distortions that extended from the particles on the surface into the bulk
LC. We characterized the spatiotemporal dynamics of the 2D colloidal lattice as a
function of temperature using video microscopy.
The particles in the self-assembled colloidal monolayer exhibited short-time diffusive motion. Their diffusion coefficients were consistent with a Stokes-Einstein model,
wherein the effective viscosity is predominantly that of 5CB. We also quantitatively
analyzed the collective motions of the monolayer; that is, we measured the vibrational phonon modes of the crystalline packings which yielded information about the
interparticle forces, whose temperature dependence was consistent with expectations
based on the temperature-dependence of the elastic moduli of 5CB. The work thus
demonstrated a qualitatively new methodology to probe LC properties by measuring
the dynamics of trapped colloidal particles.
Specifically, using the particle displacement correlations (displacement covari-
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ances), we learned about phonon behaviors of the LC-mediated crystal packings which
share similar features to other 2D colloidal crystals with different interaction potentials. For example, the phonon density of states (DOS) exhibited Debye scaling at low
frequencies and van Hove-like singularities at higher frequencies. We also uncovered
some features about the phonon modes which are new and are perhaps related to
quenched disorder in this system class.
Future work, over a larger dynamic range of interparticle separations, could permit a more accurate determination of interaction potentials on the quasi-2D LCmediated colloidal lattice. It should then be interesting to investigate phase transitions and possible hexatic states in this new class of 2D crystal. Additionally, more
work is needed to understand the phonon behaviors with respect to temperature. A
rough analysis showed that the range of eigenfrequencies becomes wider as the system
temperature decreases, which may partially reflect heterogeneous particle wetting and
contact lines relaxation. Potentially, this scenario could offer an experimental technique for study of connections between phonon spectra and disorder.

6.3 Shape Transitions of Liquid Crystal
Micro-emulsions: Competition between
Elasticity and Interfacial Tension
The third set of experiments, presented in Chapter 4, explored how the competition between LC elasticity and interfacial tension can lead to spontaneous and reversible shape transitions of micro-droplets. In this study, micro-emulsion drops containing RM82 NLCOs (with polydisperse chain length distributions) and suspended
in a SDS aqueous solution were fabricated. We analyzed the drop morphology with
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respect to several control parameters, including temperature, oligomer mean chain
length, and surfactant concentration in the aqueous background.
Specifically, at high temperature, the NLCO drops have spherical shape because
interfacial tension is dominant. Upon cooling, the interfacial tension decreased while
the bulk LC elasticity increased. As a result, the drops evolve from spheres to roughened spheres, flowers, and branched filamentous networks as oligomer mean chain
length increased. Surprisingly, our experiments and modeling suggested that molecular heterogeneity (i.e., oligomer chain length polydispersity) is a key feature in the
process which leads to chain-length-dependent oligomer segregation within the microdroplet, and thereby tips the balance between interfacial and bulk free energies to
drive the observed morphological transitions.
This finding about the role of molecular heterogeneity is unusual. The molecular
polydispersity does not disrupt order or impede self-assembly, as it often does in
traditional materials. Instead, the molecular heterogeneity facilitates equilibrium
transitions among dramatically different morphological structures. Moreover, study
of these synthetic systems offers insight about the origin of complex morphologies in
the biological world. The diverse surface patterns of pollen grains, for example, have
been reported to be promoted by the molecular heterogeneity driven segregation and
phase separation, which make connections to our reported mechanism.
Looking to the future, the revealed abilities can be exploited to create soft and
highly branched networks with uniform filament size. Further studies of branching
behaviors may also provide new insights about assembly and stabilization. Finally,
some potential applications based on the setup will be discussed in the following section.
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6.4 Functionalities of Liquid Crystal Templated
Composites
The last set of experiments, presented in Chapter 5, initiated exploration of
potential functional materials based on the established nematic filamentous networks
described in Chapter 4. Specifically, we utilized the thermo-responsive NLCO structures as a platform, exploring its potential for crosslinking and the potential uses of
resultant crosslinked materials for “templating” embedded functional materials.
In the first and primary experiment, various nematic structures with desired morphologies were permanently locked into liquid crystal elastomers (LCEs) by UV curing. Some complex constructions based on the LCE filamentous structures, such as
oriented fibrous yarns and free-standing mats, were also demonstrated. The scheme
thus enables a simple and scalable approach to make fibers. Further, the reported
technique to rapidly “freeze-in” any desired nematic director configuration (within
tens of seconds) offers a means to study the liquid crystalline structures in detail by
SEM, whose spatial resolution is much better than that of optical microscopy.
In our preliminary studies, the actuation of the current NLCE fibers were not
as yet apparent. Variation of the synthetic chemistry to resolve the issue (e.g., by
decreasing crosslinking density or increasing oligomer chain “flexibility”) is therefore
a critical subject for future work. Once resolved, new functional materials such as
tunable waveguides could be achieved from the yarn-like objects. In a different vein,
with its temperature-tunable pore size, the fibrous mats could find use in responsive
filtration and smart fabrics.
In a different experiment with the same system, we explored how the chiral
dopants can enhance guidance of NLCO surface patterning. Specifically, cholesteric
nematics within micro-droplets were demonstrated to generate subsurface spiraling
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disclination loops and to redistribute surfactant molecules adsorbed to the interface.
The resultant irregular and spatially patterned interfacial tension provides a new
way to use programmable surface patterning for filament nucleation and growth from
the drops. Looking to the future, the connections between topological disclination
textures and surface patterning will also be of fundamental interest. With more understanding, control could enable a programmable constructions. Moreover, the same
technique could be applied to other geometries.
Lastly, work directed toward exploration of photonic properties of the selfassembled nematic structures may be promising in the future. Our preliminary experiments revealed that the filamentous nematic networks could serve as templates
to organize laser dye and functional nano-particles. For example, the dye-doped
nanophotonic 3D networks could serve as a new architecture for random lasers and
disordered media with strong scattering. The NLCO/NLCE - quantum dot and
NLCO/NLCE - gold nanorod composites, could also potentially exhibit novel photonic responses as temperature-tunable plasmonic devices.
Though the research described in Chapter 5 is unpublished, these preliminary
experiments nucleate ideas for future experiments and point to future research directions.
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